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Researchers have long been concerned with spray drift 
factors and the potential injury to crop plants. Recently, 
the public sector has become more concerned about pesticide 
drift and is reporting drift incidences to regulatory agencies 
for investigation. In Iowa, a total of 325 pesticide drift 
complaints were reported to the Department of Agriculture and 
Land Stewardship from 1986 through 1990. Approximately 75% of 
the complaints were for herbicide drift (Eckermann, 1990) . 
Herbicide spray drift and injury to desirable plants can 
be a major problem during postemergence applications to 
turfgrass because systemic herbicides, such as 2,4-D and 
triclopyr, used to control broadleaf weeds can cause growth 
abnormalities at low concentrations. Therefore, even a small 
amount of spray drift during these applications can cause 
damage to gardens and ornamentals. 
In an attempt to alleviate potential non-target injury 
from postemergence broadleaf herbicide spray drift, many lawn 
care operators have adopted the lawn spray gun spraying 
system. This system was designed to apply dilute fertilizer 
and pesticide solutions at high spray volume and low nozzle 
pressure. The lawn spray gun with a four gallon per minute 
nozzle has been shown to produce a spray with a volume median 
diameter of 2000 jum (Hurto, 1988) . 
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The objectives of this research were to compare downwind 
spray drift, spray distribution uniformity and the recovery of 
droplets deposited within the spray swath from the lawn spray 
gun and two nozzle types commonly used for turfgrass herbicide 
applications, and to determine effects of simulated 2,4-D and 
triclopyr spray drift to non-target annual flowers. 
Explanation of thesis format 
The research was divided into three parts; spray drift 
comparison, spray swath deposition, and simulated drift. The 
first paper examines the spray drift from the three nozzle 
types. The second paper examines the spray swath deposition 
of the three nozzle types. The third paper examines the 
effects of 2,4-D and triclopyr on annual bedding plants 
commonly found in an urban landscape. A general literature 
review precedes the first paper and a general summary follows 
the third paper. The references cited in the general 
literature review and the appendix follow the general summary. 
Results from this research will help the lawn care 
industry evaluate current spray application techniques and 
will provide herbicide injury symptomology information for 
the diagnosis of herbicide drift on annual flowers. 
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LITERATURE REVIEW 
History of Starav Drift 
The intent of every herbicide application is proper 
herbicide placement achieving weed control without injuring 
non-target plants. Loss of any herbicide from the target site 
may result in reduced weed control as well as damage to 
surrounding environment. 
Researchers have long been concerned with spray drift 
factors and the potential injury to crop plants. Spray drift 
has been reported for almost fifty years. Brooks, (1947) 
reported the deleterious effects of calcium arsenate drift on 
alfalfa. A few years later, reports of non-target plant 
injury by phenoxyacetic acids appeared (Dabbs and Forsberg, 
1957; Guzman, 1956; Holly, 1954; Linn et al., 1959; Mullison, 
1949; Robbins and Taylor, 1957). Recently, the public sector 
has become more concerned about pesticide drift and is 
reporting drift incidences to regulatory agencies for 
investigation. In Iowa, 325 pesticide drift complaints were 
reported to the Department of Agriculture and Land Stewardship 
from 1986 through 1990. Approximately 75% of the complaints 
were for herbicide drift. The number of herbicide drift 
complaints has steadily increased during this period from 42 
complaints in 1986 to 67 complaints in 1990 (Eckermann, 1990). 
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Amount of Sprav Drift 
The United States Environmental Protection Agency 
reported that less than 1% of a pesticide may actually reach 
the target pest (von Rumker, 1975a) and that up to 70% of the 
spray could drift over 3 05 m during an application with ground 
equipment (von Rumker, 1975b). Research with postemergence 
herbicide applications to corn fields determined that only 
0.1% to 5.0% of the herbicide actually reached the target 
weeds (Pimentel and Levitan, 1986). Likewise, Combellack 
(1981) estimated that only 0.5% to 2.0% of the chemicals 
applied with a boom spray was utilized for killing seedling 
weeds. Yet, he did note that most of the herbicide not 
reaching the intended plant did actually land within the 
target area. This indicates that even though most of the 
herbicide does not reach an intended plant, the amount moving 
off-target may also be low. Frost and Ware (1970) reported a 
3% drift component from ground equipment applications. 
Maybank et al. (1978) found similar results while 
investigating 2,4-D spray drift from agricultural applications 
on Canadian prairies. In their study, off-target droplet 
drift at the time of spraying varied between 1 and 8% 
depending on nozzle type and wind speed. They concluded that 
vapor drift was the main factor causing 12% to 35% herbicide 
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loss with the ester formulation. However, spray droplet drift 
was a significant concern because plants tend to accumulate 
droplets more efficiently than vapor. 
Definition of Sprav Drift 
Spray applications involve the formation of spray 
droplets, the movement of the spray to the target, the 
impaction and retention of the spray on the target and the 
short-term leaching, volatilization or metabolism of residues 
(Combellack, 1982). Spray drift occurs when small diameter 
spray droplets move from the target area to nontarget areas 
(Ross and Lembi, 1985). Thus, impaction and retention of the 
spray on the target is never achieved. Instead the spray 
particles may deviate from their original course and follow 
the natural air streams around a leaf surface without being 
deposited. Murray and Vaughn, (1970) showed the potential for 
small droplets to follow air streams by spraying 4.05 L of 
liquid in 4.2 /xm droplets. They recovered 27 droplets per 
liter of air per minute, 6.4 km downwind from the application 
site. 
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Influence Spray Equipment on Spray Drift 
Conventional Equipment Early spray drift research 
compared various spray equipment. Frost and Ware (1970) 
compared different sprayer equipment under similar 
environmental conditions. They found that when sprayers were 
adjusted properly, the herbicide spray drift was greater from 
aerial and mist blower equipment than from a high clearance 
ground sprayer. Likewise, Pimentel and Levitan (1986) 
reported that aerial applications resulted in five times more 
drift than ground spraying. However, depending on 
environmental conditions, the amount of herbicide lost during 
an application with ground equipment may equal or exceed the 
amount lost during an aerial application (Ware et al., 1983). 
Gilbert and Bell (1988) examined the spray drift from 
three different types of sprayers at two wind speeds and found 
that the type of sprayer was more important than the volume 
median diameter (vmd) of spray droplets in affecting spray 
drift. They showed that the air-assisted sprayer had greatest 
spray drift (vmd 150 ±40 jum) , followed by the hydraulic 
sprayer (vmd 100 ±25 jum) , and the rotary sprayer 
(vmd 100 ±25 /^m) . Similarly, Smith et al. (1982) evaluated 
equipment and meteorological variables from 99 field drift 
studies and concluded that 68 to 90% of droplet drift is first 
dependent on sprayer mechanical characteristics which 
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influence droplet dissemination and the spectrum of droplets. 
However, after droplet formation, environmental conditions 
such as wind speed, relative humidity and temperature have the 
greatest influence on drift deposits. 
Controlled Droplet Applicators Currently, most 
pesticides are applied with hydraulic sprayers. However, 
mathematical models now available help identify physical 
parameters that influence spray droplet transport and the 
deposition processes (Miller and Hadfield, 1989). These 
models have been used to develop the controlled droplet 
applicator (CDA), which uses a rotary atomizer; the air-assist 
sprayers, which uses air to transport droplets; and 
electrostatic spraying systems which apply a charge to 
dispersed particles (Miller, 1987). 
The spinning disc or CDA equipment uses the centrifugal 
force of a spinning disk to break the liquid into droplets as 
it flows off the serrated edge of the disk and was developed 
to control spray drolet size. Spray droplet size affects the 
trajectory, impaction, retention and drift potential of the 
spray application. Therefore, by controlling the droplet size 
and droplet size distribution of the spray, spray retention 
could be increased while spray drift was eliminated. Merrit 
(1989) showed that spray drift from a hand-operated rotary 
atomizer system was approximately 3% of the amount recorded 
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using the standard system of a Cooper-Pegler cpl5 sprayer 
fitted with a polyjet nozzle. Bode and Butler (1983) compared 
the spray characteristics of a CDA with hydraulic nozzles and 
found that the CDA droplet spectrum was much narrower. 
However, more droplets from the CDA application were found 
within the first few meters downwind from the spray swath than 
with the flat fan application. Other CDA research (Bode et 
al, 1983; Burt and Smith, 1974; Smith and Burt, 1970; Smith et 
al., 1970) showed that droplets with diameters greater than 
140 jxm were mainly deposited on or near the target area, while 
droplets of approximately 100 iim diameter or smaller were 
prone to drift, even at low wind velocities. 
Air-assistance sprayers Taylor et al. (1989) investigated 
the potential drift reduction from an air-assistance crop 
sprayer which produces an air curtain behind the nozzles of a 
conventional sprayer. They found that by angling the air 
curtain rearwards, the drift from flat fan nozzles could be 
reduced by 60%. It was also shown that with the use of air 
assistance, they could also alleviate increased spray drift 
which occurred when the spraying speed was increased from 4 km 
h"' to 20 km h"'. 
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Shielded Boom Sprayers Shielded spray booms have been 
tested as a potential spray drift reduction modification. 
Edwards and Ripper (1953) and Courshee (1959) found that a 
field sprayer with a boom cover could prevent 40 to 100% of 
the spray drift, depending on the operating and climatic 
conditions. A shrouded sprayer has also been developed (Ford, 
1984, 1986; Rogers, 1988; Rogers and Ford, 1985) that is 
aerodynamically designed to contain the spray under an 
enclosed shield. In spray drift studies less than 0.4% of the 
spray was deposited off-target in wind speeds up to 27 km h"'. 
Similarly, Maybank and Grover (1988) found that shrouds on the 
spray boom could reduce the drift fraction without decreasing 
the deposition uniformity along the spray swath. However, 
Smith et al. (1982) investigated the effect of mechanically 
and pneumatically-shielded spray booms on drift reduction and 
found that 70% less spray drift occurred with the 
mechanically-shielded boom. However, drift deposits 4 m to 32 
m downwind were quite variable. Results indicated that drift 
from a conventional sprayer could be reduced up to 65% or 
increased by up to 81% by attaching a mechanical shield to the 
spray boom. Results from tests with the pneumatic shield 
indicated that this shield reduced spray drift deposits 
compared to a conventional boom at wind speeds below 2 m s"' 
and thus would provide only limited advantages. They 
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concluded that with the mechanically-shielded sprayer, both 
sprayer speed and wind speed were the main factors affecting 
spray drift, while with the conventional sprayer, boom height 
and wind speed were the two most important variables. 
The use of shielded nozzles has also been investigated as 
a way to reduce off-target spray drift (Maybank et al., 1990). 
Tests showed that the use of individual nozzle shields on a 
ground sprayer reduced off-target drift by a factor of 1.7 to 
3.0 with windspeeds of 15 km h"' to 30 km h' at a 2 m boom 
height. 
Influence of Atomization on Sorav Drift 
Studies have examined the factors that influence the 
atomization, transport, and deposition of a spray droplet. 
Gohlich (1983) referred to this as the particle distribution 
system and suggested that a comprehensive knowledge of the 
factors influencing this system is needed in order to keep the 
magnitude of drift within acceptable limits. Thus, 
investigations on parameters such as droplet size, external 
forces (gravitation, drag, etc.), herbicide formulations, 
microclimate, and release height which govern droplet life 
have been performed with hydraulic sprayers. 
The atomization of a liquid is influenced by the physical 
properties of the liquid and the type of nozzle. Atomization 
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by a nozzle fragments the spray liquid into droplets. The 
liquid carrier is an important aspect of this process because 
the physical properties such as surface tension, viscosity and 
viscosity-shear rate relationship of the liquid influences the 
formation of a droplet (Kaupke and Yates, 1966/ Ford and 
Furmidge, 1967; Sundaram et al., 1987). 
Influence of Droplet Surface Tension on Sprav Drift 
Every spray solution has unique physical properties due 
to the carrier. Herbicide formulations and adjuvants have 
surface tensions that are as simple as water to complex 
polymer materials and particulates such as wettable powders 
and dry flowables (Yates et al., 1984). As early as 1952, 
Dorman and later Liljedahl (1971), showed that with flat fan 
nozzles, the droplet diameter increased as orifice size 
increased, viscosity increased, surface tension increased, and 
density of the solution decreased. Similar results were found 
by Yates et al. (1976). Haq et al. (1983) confirmed the basic 
relationship between liquid characteristics, nozzle type, and 
the effect of airstream shear by adding methanol to water to 
decrease the surface tension of the solution. They showed 
that increasing the surface tension of the solution from 
20 dynes cm"' to 75 dynes cm"', increased the spray droplet vmd 
almost two-fold. The increase in surface tension also 
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decreased the percentage of droplets smaller than 100 jum in 
diameter. However, increased surface tension had little 
effect on droplet size uniformity. 
Akesson and Gibbs, (1990) reported that spray droplet 
surface tension decreased approximately 50% when a chemical or 
adjuvant is added to water. Data collected for over 10 years 
showed that by using cottonseed oil or an adjuvant at 0.3% 
v;v, one could decrease the size of spray droplets produced 
with jet or recirculating nozzles or a rotary screen atomizer. 
Unfortunately, results with fan and hollow cone nozzles were 
inconsistant. 
Anderson et al. (1983) and Anderson and Hall (1984) found 
that the vmd decreased with the addition of increasing amounts 
of a non-ionic surfact (Triton N150') . Anderson and Hall also 
tested anionic surfactants and found a more dramatic spray 
droplet size decrease. Other researchers have shown that the 
addition of a pesticide or adjuvants to a spray solution can 
result in more small droplets (Akesson and Yates, 1989; Bouse 
et al., 1988). However, Adams et al. (1990) found that 
solutions of water plus 0.5% v/v adjuvant (X-77^) and water 
plus 0.2% w/v dispersible granules had no significant affect 
' Rohm and Haas Co., Agricultural Chemicals, Independence 
Mall West, Philadelphia, PA 19105. 
^ Valent USA Corp., 1333 N. California Blvd., Walnut Creek, 
CA 94596-8025. 
13 
on vitid when compared to water alone for the six nozzles types. 
They also found that a solution of water plus 0.4% v/v 
emulsibiable concentrate had significant larger vmd values 
than water for five out of the six nozzle types. Likewise, 
Dempsey et al. (1985) showed that the addition of 0.6% w/v of 
either 2,4-D amine or ester increased the percentage of large 
droplets by weight, and decreased the percentage of small 
droplets. When the 2,4-D concentration was increased, the 
percentage of droplets greater than 3 00 jum in diameter 
decreased while the percentage of small droplets (< 100 /xm) 
increased. This increase in small droplets with lower volume 
spraying (50 L ha"') was also reported by Combellack (1984) . 
When a CDA was used to determine the effect of pesticide 
formulations on droplet size (Bode and Butler 1983), it was 
shown that water plus surfactants and emulsifiable 
concentrates (EC) increased the droplet sizes while undiluted 
dry flowables and wettable powders plus surfactants decreased 
the droplet sizes. Diluting the formulations 1:1 v/v with 
water caused them to assume the characteristics of water. 
Thus not all atomizers respond identically to formulation 
changes. 
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Influence of Liquid Viscosity on Sprav Drift 
An increase in spray liquid viscosity results in the 
formation of larger droplets (Liljedahl, 1971). However, Haq 
et al. (1983) found that increasing the spray solution 
viscosity by adding glycerol to water either had little effect 
on droplet size or increased the percentage of drops less than 
lOOjLtm in diameter. 
Akesson and Gibbs (1990) concluded that viscosity is 
effective in changing droplet size only when large changes 
occur from the addition of special additives such as spray 
thickeners, particulating agents, and foaming agents or when 
invert emulsions are used. Gratkowski and Stewart (1973) 
described these water soluble polymers as materials that 
increase the viscosity of the water phase of spray solutions, 
resulting in the production of large-sized droplets. Kaupke 
and Yates (1966) showed that spray drift could be decreased by 
using a water-in-oil emulsion which increased the spray 
mixture viscosity. Similar results were found by Butler et 
al. (1969) using spray particulate adjuvants. 
Research by Bode et al. (1976) and Goering and Butler 
(1975) showed that the addition of Naco-Trol^ reduced spray 
drift by 49 to 90% when compared to applications without a 
^ Nalco Chemical Co., One Nalco Center, Naperville, IL 
60566-1024. 
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thickener for ground sprayers. However, this reduction became 
quite variable with increasing wind speed or increasing spray 
pressure. 
Other researchers (Hag et al., 1983; McNulty et al., 
1977; Sparks et al., 1988; Stephenson et al., 1977; Yates, 
1985; Yates et al., 1976, 1985b) have shown that drift 
reduction occurs because the addition of thickeners cause the 
spray to have a larger vmd. Bouse et al. (1988) found that 
the polyvinyl (Nalco-Trol and Sta-Put*) and polyacrylamide 
(Drifgon^ and 38-F®) polymers were more effective than linear 
alkyl epoxide (Wind-fall') or polymide copolymers (Nalco-Trol 
II*) in increasing spray droplet vmd and reducing the 
percentage of spray volume composed of small droplets. They 
concluded that these polymers have complex reactions that bind 
the water carrier, thus increasing drop size. However, 
Akesson and Yates (1964) and Yates et al. (1976, 1978) 
demonstrated that with aerial applications, a thickener 
Nalco Chemical Co. , One Nalco Center, Naperville, IL 
60566-1024. 
^ SanAg Div. Sanitek Products Inc., 3959 Goodwin Ave., 
Los Angeles, CA 90039. 
® Loveland Industries Inc., P.O. Box 1289. Greeley, CO 
80632-1289. 
' Farmbelt Chemical Inc., Terra International, Inc. 600 
4th St., Sioux City, lA 51101. 
® Nalco Chemical Co., One Nalco Center, Naperville, IL 
60566-1024. 
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resulted in the formation of more small spray droplets 
(< 122 jum diameter) , had no effect, or provided only a slight 
reduction of spray drift. Thus, the affect of a spray 
thickener can vary with the type of application. 
Influence of Sprav Carrier on Sorav Drift 
Within the past 10 years the use of oil as a spray 
solution carrier has been investigated. Among the potential 
advantages suggested for oil is that spray droplets should 
drift less than water droplets of the same size (Glower et 
al., 1982). However, comparisons by Bode and Zain (1987) on 
the spray drift from soybean oil and water using four nozzle 
types found that drift was greater with oil. They concluded 
that greater spray drift occurred because more driftable, 
nonevaporative oil drops were produced. Bouse and Carlton 
(1985) compared the droplet size distribution of cottonseed 
and soybean oil and found that with flat fan nozzles, the 
soybean oil vmd was smaller than for cottonseed oil and the 
droplet size spectrum was more uniform. The authors concluded 
that the droplet formation process for oil differs greatly 
from water-based sprays and thus, needs to be more thoroughly 
studies before such practices are adopted. 
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Influence of Nozzle Type on Sorav Drift 
The type of nozzle and orifice size effects droplet 
spectrum and thus spray drift. The spray nozzle is the 
primary link between the chemical and proper application to 
the target. Nozzles regulate the liquid flow rate. They form 
and control the droplet size, and disperse the droplets in a 
specific pattern. As early as 1959, Courshee compared flat 
fan and cone nozzles at various pressures and found less than 
1% of the spray volume 2 m downwind from the spray swath. 
Similarly, Maybank and Yoshida (1973) found that 3% of the 
46.8 L ha"' output with flat fan nozzles at 172 kPa, drifted 
beyond the edges of the 80° pattern. 
However, Clipsham (1980) reported that 25% of the spray 
from 8004 nozzles at 310 kPa and a travel speed of 2.8 m s"' 
was lost. This was corroborated by Young (1990). He reported 
10% to 30% of the spray from 80° and 110° flat fan nozzles was 
lost with a 2.0 m s' wind. Under still air conditions, these 
nozzles average spray drift loss was 2.5%. Discrepancies in 
the amount of reported spray drift was because of collection 
technique differences. Grover et al. (1978) showed how such 
discrepancies can occur. They found that 70.2% of the spray 
produced by 650067 flat fan nozzles at 280 kPa pressure was 
deposited in the spray swath and that 6.8% of the spray was 
collected downwind. Thus, depending upon how the spray drift 
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was collected, either 29.8% or 6.8% of the spray drift off-
target . 
Gohlich and Selcan (1982) stated that pressure at the 
nozzle is the most important droplet formation factor. The 
Raindrop' nozzle was developed with a secondary swirl chamber 
to decrease the pressure and thus liquid velocity resulting in 
larger droplets (Brandenberg, 1974). The orifice of the flat 
fan nozzle has also been modified so that as a droplet forms 
the discharge velocity and kinetic energy of the spray is 
reduced which results in fewer small droplets (Wolf and Bode, 
1993) . 
Bouse et al. (1976) compared nozzles designed to reduce 
drift with conventional nozzles and found significantly less 
drift from reduced pressure fan and hollow cone (Raindrop) 
nozzles than from conventional fan and hollow cone nozzles. 
Bode et al. (1976) also found less drift with low pressure 
flat fan, flooding flat fan, or 'Raindrop' nozzles in 
comparison to conventional flat fan nozzles. 
Recently, air-assist or twin-fluid nozzles have been 
developed to increase spray coverage and penetration into the 
canopy while reducing drift. These nozzles use air to help 
atomize and transport the spray to the target. Miller et al. 
(1989) showed that drift from flat fan nozzles was 
' Delavan-Delta Inc., 20 Delavan Drive, Lexington, TN 
38351. 
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approximately double that from the twin-fluid nozzles and was 
measured at greater downwind distances. Later, Miller et al. 
(1991) reported less spray drift from air-assist (Airtec'°) 
nozzles when compared to flat fan nozzles because fewer 100 /xm 
diameter droplets were produced. Rutherford et al. (1989) 
showed that this nozzle produced larger droplets because of 
air inclusions in droplets and that drift was generally lower 
than that from a medium flat fan nozzle. However, Bode et al. 
(1992) found that the droplet spectrum depended upon the 
insert number. In their study, the "3 5 insert produced 
droplets with a vmd range 93 jum to 116 tim, and the volume of 
droplets with diameters less than 100 /xm was 26% to 54%. On 
the other hand, the *^62 insert had a vmd greater than 354 /xm 
and less than 8% of the volume in droplets with diameters less 
than 100 jum. 
Drift tests showed that the air-assistance nozzle with a 
0.32 L m in' flow rate and 70 kPa air pressure, produced less 
drift than FllO/l.44/2.5 flat fan nozzles (Western et al., 
1989). However, when high air and water pressures were used 
to give a low flow rate, spray drift was not decreased. Cooke 
and Hislop (1987) showed that by using 30 m s"' air jets above 
hollow cone nozzles spray drift increased. Similarly, Bode 
Cleanacres Machinery Ltd., Hazleton, Northleach, 
Cheltenham, Glos France GL54 4LZ. 
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and Zain (1987), showed that spray drifted the farthest when 
air-assist nozzles were used to make low volume applications. 
Thus, nozzles specifically designed to reduce spray drift may 
have problems. 
Factors Affecting Nozzle Performance 
The spray droplet spectrum from a nozzle depends upon the 
operational variables used. Azimi et al. (1985) showed that 
the spray distribution pattern is dependent on nozzle type, 
nozzle pressure, height of the nozzle above the target 
surface, and the angle at which the nozzle is oriented with 
respect to the motion of the sprayer. 
It is generally agreed that the broad range of droplet 
sizes produced by hydraulic pressure spray nozzles results in 
an undesirable loss of active chemical during postemergence 
applications. Some droplets are too large for efficient plant 
coverage while others are too small for contact with plants 
(Akesson and Yates, 1986). Gilbert and Bell (1988) found that 
halving the vmd of a spray resulted in a four-fold increase in 
drift. Likewise, Kaupke and Yates (1966) showed that spray 
drift could be reduced by a factor of two if the finer 
droplets were eliminated by pointing the nozzles away from the 
wind stream instead of down towards the ground (Coutts and 
Yates, 1968), by using nozzles which produce a coarse spray 
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(Akesson and Yates, 1973), or by reducing the release pressure 
(Bouse et al., 1976). 
The Effect of Nozzle Size on Drift 
Haq et al. (1983) concluded that the increased orifice 
diameter (flow rate) was the single most important factor 
affecting drop size. However, Adams et al., (1990) showed 
that the proportion of small droplets by number remained the 
same even though the volume of small drops decreased four-fold 
and the flow-rate increased six-fold by changing nozzles from 
a fine spray (XR 8001 VS") to a coarse spray (2080-30'^) . 
They also showed that the primary difference between spray 
from the 2080-30 nozzle and spray from the XR 8001 VS, was the 
presence of many large droplets (> 300 nxa) from the large 
orifice nozzle versus only a few large droplets with the 
smaller orifice nozzle. This led them to conclude that the 
absolute volume of spray produced per unit time containing 
droplets < 100 /zm was the greatest with the coarse spray. 
Thus, an increase in nozzle orifice size alone does not result 
in reduced drift. However, the amount of active ingredient in 
droplets produced by the large orifice nozzle would be more 
dilute in comparison to a smaller nozzle because of the larger 
" Spraying Systems Co., North Ave., Wheaton, IL 60188. 
Hartvig Jensoen & Co. A/S. Glostrup, Denmark. 
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carrier volume. Therefore, less injury would occur with the 
large orifice nozzle even though the same amount of spray 
drifted from the nozzles because the driftable droplets would 
contain less active ingredient. 
The Effect of Pressure on Drift 
The amount of liquid dispersed by a nozzle depends on the 
size and shape of the orifice and is affected by sprayer 
pressure and viscosity of the liquid. As early as 1953 
(Edwards & Ripper), horizontal wind velocity and sprayer 
pressure were shown to influence droplet drift from a boom 
sprayer. Generally, an increase in pressure decreases the 
droplet size while increasing the flow rate (Combellack and 
Matthews, 1981 a,b). Young (1990) showed that increasing the 
pressure to 400 kPa signficantly increased the number of small 
droplets and the velocity of each droplet in the spray cloud. 
Dombrowski (1961) demonstrated that increasing the nozzle 
pressure caused the spray sheet to be thinner and results in 
smaller droplets. Nordby and Skuterud (1975) found that a 
pressure increase from 250 to 1000 kPa, increased the spray 
drift from 1.4% to 2.9%. Maybank and Yoshida (1973) nearly 
doubled the spray drift with flat fan nozzles by raising the 
pressure from 172 kPa to 276 kPa. Young (1990) showed that 
80° LP nozzles operated at 100 kPa and 50 cm height resulted in 
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significantly less spray drift than 80° and 100°nozzles. This 
was because the low pressure nozzle droplet vmd was 80 fim to 
100 Miti greater than the standard flat fan nozzles (Arnold, 
1983). Similarly, Young (1990) showed that a pressure 
increase from 200 kPa to 400 kPa, increased the volume 
percentage of droplets less than 110 /im approximately 3% and 
the volume percentage of droplets less than 210 (xm from 6% to 
20%, depending on nozzle angle. However, Hurto (1988) showed 
that for a spray gun equipped with a 0.25 L s' nozzle, 
increasing the pressure from 17 kPa to 27 kPa, did not 
significantly affect the spray droplet spectra. The vmd of 
the spray stayed above 2000 iim with all pressure settings, 
while the percent volume of droplets with diameters less than 
250 ixm rose from 0.26% to 0.40%. This indicates that sprayer 
pressure has little effect on spray droplet size for nozzles 
with high flow rates. 
The Effect of Boom Height on Drift 
Boom height has been shown to be an important factor 
affecting spray drift (Courshee, 1959). Miller (1988) showed 
that more than 50% of the airborne droplets 1 m from the end 
of the boom are above the boom when the sprayer boom is at a 
height of 0.5 m. Increasing the boom height from 0.5 m to 
0.7 m increased the airborne drift 6 m from the end of the 
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boom by 75%. Nordby and Skuterud (1975) found that the 
interaction of boom height, pressure, and wind speed was an 
important factor affecting drift. Bode et al. (1976), showed 
that along with wind speed, increasing boom height from 43 cm 
to 58 cm was the most important variable affecting spray 
recovery. 
Wide angle nozzles have been manufactured because they 
require a lower boom height for proper spray overlap, which 
reduces the potential drift. However, the wider the spray 
angle the smaller the droplet spectra for any given flow rate 
or pressure (Dombrowski, 1961). It is unclear whether or not 
lowering the boom is more important than droplet size in 
reducing spray drift. Ross and Lembi (1985) stated that the 
lower boom height with the 100° nozzles would overcome any 
potential increase in drift. On the other hand, Maybank et 
al. (1990) stated that the larger droplet vmd from 80° nozzles 
would reduce drift more than the 100° nozzles. Finally, Young 
(1990) showed that an equivalent amount of spray drifted for 
80° nozzles at 50 cm height and the 110° nozzles at 35 cm 
height when other spray parameters were equal. 
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The Effect of Wind Speed on Spray Drift 
Grover et al. (1972) and Maybank et al. (1974), found 
that 2% to 8% of the droplet volume drifted with flat fan 
nozzles for wind speeds between 1 and 3.6 m s"'. Nordby and 
Skuterud (1975) showed that by increasing the wind speed from 
1.5 m s"' to approximately 4.0 m s"', drift increased from 1.4% 
to almost 3.0%. Byass and Lake (1977) found a ten-fold 
increase in drift when the wind speed 2 m above the ground 
increased from 2 to 4 m s"'. Droplets less than 150 jum in 
diameter accounted for most of the spray drift 20 m downwind, 
even in light winds (< 3 m s"') . However, they did show that 
droplets larger than 250 jim diameter can drift a short 
distance in 3 to 4 m s' winds. 
Young (1990) showed that with 80° and 110° flat fan 
nozzles that air velocity and nozzle size were inversely 
related to drift potential. An increase in air velocity 
decreased the percentage spray droplets recovered while an 
increase in nozzle size increased the percentage recovered. 
Thus, applications utilizing low spray volumes (more 
concentrated spray solutions) and perhaps higher travelling 
speeds, pose the greatest potential for spray drift. 
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The Effect of Nozzle Orientation on Stprav Drift 
Trajectory angle has been shown to affect droplet flight 
times and the degree of exposure to natural wind effects. 
Langston (1973) showed that setting the nozzles either 40° 
forward or backward from vertical resulted in a more uniform 
spray swath distribution without decreasing spray retention. 
Richardson (1987) found that nozzles directed backward 
increased spray deposition up to 112%, 47%, and 67% on 
ryegrass {Lolium perenne), wheat (Triticum aestivum), and 
radish (Raphanus sativus). However, the increased deposition 
variation within the swath suggested that further research on 
crop density, vehicle speed, and varying meteorological 
conditions was needed. Combellack and Andrews (1984) showed 
that spray deposition variation from flat fan nozzles was the 
least when the angle of the spray sheet was between 10° and 
17.5° to the boom. Similarly, it was shown that with flooding, 
Raindrop, and hollow cone nozzles, directing the spray 
backwards or down, significantly improved the spray 
distribution uniformity to the swath (Bintner et al., 1977, 
Krishnan et al., 1989). Young (1990) showed that hydraulic 
flat fan nozzles at a given angle (0 to 40°) have an almost 
constant vmd. However, the fine droplet population decreased 
rapidly with increasing radial angle and distance from the 
nozzle. 
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Yates et al. (1985a) showed the importance of nozzle 
angle in high speed airstreams which occur during aerial 
applications. Changing the fan or cone nozzles from parallel 
to perpendicular to the airstream produced a dramatic 
reduction in the vmd and increased the percent volume of 
droplets less than 154 /xm. When the two types of nozzles at 
similar flow rates were compared, it was shown that at 0° 
orientation (parallel to the airstream), all fan nozzles 
produced a larger vmd than the cone, while at a 90° 
orientation, nozzle type had little effect. 
The Effect of Droplet Velocity on Spray Drift 
Increasing droplet release velocity has been recognized 
as a way to minimize spray drift. Miller (1988) showed that 
less than 5% of the 100 jum droplets drifted more than 2 m from 
the end of the boom when released at a velocity of 15 m s"'. 
However, when these droplets had a release velocity of only 
5 m S"', more than 45% were still airborne 2 m from the end of 
the boom and 20% at the 5 m distance. Rutherford et al. 
(1989) showed that lower droplet velocities and shallow 
trajectory angle from the wide angle swirl jet nozzles 
(Superjet") produce more spray drift than medium flat fan 
Spraying Systems Co., North Ave., Wheaton, IL 60188. 
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nozzles which produced considerable more droplets smaller than 
100 nm in diameter. 
The Influence of Meteorloqical Conditions on Spray Drift 
Smith et al. (1982) determined that weather factors 
contributed 10% to 32% of all off-target drift. Combellack 
(1981) concluded that the rate of evaporation was the most 
important force governing the life of a spray droplet. Yet, 
models have been developed (Goering et. al., 1972; Trayford 
and Welch, 1977; Williamson and Threadgill, 1974) which show 
that droplet life is dependent upon a complex process where 
the surrounding atmospheric conditions simultaneously act on 
an emitted droplet to change its size. Young (1990) described 
three components of this process 1) the mechanics of the 
atomization process, 2) the forward motion of the nozzle and 
droplet cloud, and 3) ambient wind which he felt determined 
the fate of droplets. 
The Effect of Wind on Spray Drift 
Wind speed and direction are usually the most critical 
meteorlogical factors affecting drift. It influences the 
number and size of droplets which become airborne. Studies by 
Bode et al. (1976), Byass and Lake (1977), Nordby and Skuterud 
(1975), and Young (1990) have shown that wind speed is one of 
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the main factors influencing spray drift. These studies were 
conducted when wind conditions were constant. However, rarely 
do such conditions exist. Even during seemingly calm 
conditions, obstacles such as trees and buildings, the 
movement of the sprayer, or even topography cause wind 
fluctuations. Young (1990) showed that at 20 cm from the flat 
fan nozzle, air flow as little as 1.0 m s"' was sufficient to 
displace approximately 50% of the droplets smaller than 110 )um 
in diameter. At greater distances, all of these droplets were 
displaced. Likewise, Gratkowski (1974) showed that 100 /xm 
droplets drifted 22.9 m when sprayed during a 1.6 km h' cross 
wind at a nozzle height of 15.2 m. This distance increased to 
114.3 m with a 8.0 km h' cross wind. With 10 urn droplets, the 
drift distance increased to 2.4 km with a 1.6 km h' cross wind 
and 12.1 km with a 8.0 km h"' cross wind. Scoresby and 
Nalewaja (1982) showed that with winds 2.2 to 6.7 m s"', the 
application of 2,4-D with flat fan nozzles or with a CDA 
producing droplets 75, 150, and 240 jum in diameter, injured 
tomatoes 12 m downwind. At distances 12 m to 60 m, the drift 
damage was less with the CDA producing 240 jum droplets, but 
was still noticeable. 
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The Effect, of Atmospheric Turbulence on Spray Drift 
Air movement is not always horizontal, thus the effect of 
atmospheric turbulence due to surface friction or surface 
heating should also be considered. Atmospheric stability is 
evaluated by measuring the vertical air temperature profiles. 
Under normal atmospheric conditions, the air temperature 
decreases 1 C every 100 m of height causing a temperature 
gradient (Ware et al., 1983). As the sun shines, air warms 
near the earth's surface. This warm air rises causing air 
turbulence or vertical mixing in the upper air layers. 
Gohlich (1983) advised against spraying during hot summer days 
when the temperature is above 25 C. Under such conditions, a 
difference of two degrees in temperature causes an upward wind 
velocity of 0.6 m s"'. This turbulence could easily transport 
small particles out of the field. 
The lack of vertical mixing can also cause problems. 
When atmospheric inversions occur, a layer of warmer air in 
the atmosphere interrupts the normal vertical temperature 
gradient and seals the cooler air beneath (BCPC, 1983). This 
prevents the air from moving upward, thus the air moves 
laterally until it encounters a downdraft. These inversions 
typically occur during the early morning when the damp ground 
cools the air layer immediately over it. 
Spray drift occurs because the small droplets become 
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suspended in the air moving laterally until a drowndraft moves 
them towards non-target plants. Research by Akesson and Yates 
(1964) showed that inversion conditions at a given wind speed 
tripled the amount of spray drifting 30 m to 60 m, while ten 
times more spray drifted 300 m to 600 m from the application 
site. Similarly, Renne and Wolf (1979) showed that with 
aerial applications, ground level drift occurred further from 
the target during inversion conditions than turbulent 
conditions. 
The Effect of Temperature and Relative Humidity on Spray Drift 
As mentioned earlier, temperature can affect herbicide 
drift because of its influence on atmosperic stability. 
Temperature can also affect drift because of evaporation. 
High temperatures and/or low relative humidity increase the 
evaporation rate of water from spray drops and thus reduces 
droplet size. Golich (1983) showed that during a 2 m fall, a 
80 jxm vmd was reduced to 35 jum vmd at a temperature of 25 C 
and a relative humidity (RH) of 45%. Likewise, Bode (1991) 
showed that with relatively warm, dry air (30% RH and 25 C) 
the size of a 100 jitm droplet decreased more than one-half 
while falling only 0.75 m. Ware (1983) showed that at 25.5 C 
and 70% relative humidity, 90% of the volume of a 100 jum 
droplet would be lost by evaporation after 9.2 seconds and a 
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vertical fall distance of 1.6 m. The time and distance 
decreased to only 4.2 seconds and 0.8 m when the relative 
humidity was reduced to 30%. Moreover, the herbicide 
molecules may remain with the droplet resulting in a higher 
herbicide concentration. 
The Trailing Sprav Cloud 
The visible length and density of the trailing plume 
produced by moving nozzles has been shown to be approximately 
proportional to the forward speed (Gohlich, 1985). Young 
(1990) showed that this trailing plume was formed from 
inwardly curling air vortices. These vortices form as air 
moves on either side of the nozzle and are an inevitable 
consequence of the moving sprayer. Both Young and Miller 
et al. (1989) , have shown that droplets less than 210 jum 
become entrained in an air stream as they move towards the 
intended target. Young further stated that this population of 
small droplets decreased rapidly as the distance from the 
nozzle increased. He showed that the droplet spectrum of the 
trailing plume was essentially constant regardless of the 
operating conditions for the 80° flat fan nozzle series (vmd of 
approximately 114 lira) . The small droplets in the trailing 
plume do not have sufficient energy to stay in the primary 
spray cloud, hence potentially drifting in the disturbed air 
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flow from the wake of the sprayer. 
Droplet deposition 
Deposition of a droplet can be limited by droplet size. 
Large droplets will bounce as a whole from a target or shatter 
upon impact while extremely small droplets follow air currents 
(Johnstone, 1973; Jegatheesawaran, 1978). This limitation 
remains constant even though the heterogenous structure of the 
target surface changes with age, climate, and even previous 
pesticide treatments (Bengtsson, 1961; Bouse et al., 1976). 
Johnstone et al., (1977 a,b) showed that droplets have a 
greater chance of impacting the target with increasing droplet 
size and velocity. However, this varies inversely with target 
size. 
The shape of the target and angle subtended by the target 
has been shown to be important in determining the number of 
droplets collected on the target surface (Johnstone, 1973; 
Lake, 1977). Horizontal targets have the greatest retention 
of spray droplets, depending on the application volume. When 
applying high volumes (>500 L ha"') , droplets coalesce and 
subsequent run-off causes loss of spray. Thus, deposition on 
vertically-growing plants was greater at lower volumes than on 
prostrate growing species. Bengtsson (1961) showed that the 
percent retention increased as droplet size (vmd) decreased. 
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particularly on the grasses when using water as the carrier. 
Similarly, Dempsey et al., (1985) showed that adding 2,4-D to 
the spray solution significantly increased the amount 
collected on wheat and ryegrass and that this amount increased 
as the proportion of droplets with diameters greater than 
300 ixm decreased. They also found that the collection of 
spray by wheat or ryegrass was generally lower when 8001 LP 
nozzles were used versus 8001 or 800067 nozzles. Thus, the 
process of droplet collection or more specifically, the 
impaction and retention of a droplet, is a very complex 
process dependent on the physical properties of the droplet 
and the physical characteristics of the target. 
Uniformity of Sprav Deposition 
Spray drift will always be an important concern when 
making a pesticide application. However, there has to be a 
compromise between pest control and spray drift control. It 
is widely known that as spray droplet size increases, the 
number of droplets per unit area decreases potentially 
resulting in poorer droplet distribution and coverage. 
Combellack (1984) reviewed field crop spraying and urged 
researchers to devote time to improving the evenness of spray 
deposition and determining the optimum herbicide distribution 
for effective weed control. 
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The Effect of Boom Bounce on Spray Uniformity 
In 1980, Nation showed that an increase in boom movement 
increased the variation of spray distribution. Likewise, 
Krishnan et al. (1988), showed that sprayer bounce 
significantly changed the spray pattern from 8004 VS flat fan 
nozzles compared to a 'no bounce' condition. Krishnan et al. 
(1990) showed that the interaction of sprayer bounce and wind 
velocity had a significant effect on spray pattern 
displacement. Sprayer bounce alone, at a frequency of 1 Hz 
had no effect on the spray pattern with either the 8004 VS or 
11004 VS''^ nozzles. However, a headwind/crosswind/bounce 
treatment produce more than a 5% change in spray pattern for 
both nozzles when compared to the crosswind/bounce treatement. 
The Effect of Operating Parameters on Sprav Uniformity 
Variability in droplet distribution within the spray 
swath from various nozzles was reported as early as 1967 when 
Rice found less pattern variability with cone nozzles at a 
height of 61 cm than at 15 cm or lower. Similarly, Azimi et 
al. (1985) showed that increasing nozzle height improved spray 
distribution which allowed them to operate the nozzles at 
reduced pressure and/or increased spacing. A pressure 
Spraying Systems Co., North Ave., Wheaton, IL 60188. 
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increase for flat fan nozzles also improved the uniformity of 
droplet distribution within the spray swath because the 
increase in exit velocity resulted in wider spray angles. 
Maybank (1987) showed that reducing the hydraulic 
pressure in order to decrease the driftable droplet 
population, often resulted in a less uniform deposition 
pattern within the target field. Azimi et al. (1985) found 
that small capacity nozzles produce a less uniform spray 
distribution which they attributed to height and pressure 
fluctuations. Thus, even small changes in operating 
conditions can affect the deposition uniformity within the 
swath. 
Spray deposition variability was also shown along the 
spray swath and across the boom swath with flat fan nozzles 
positioned at recommended heights (Rice, 1967; Maybank et al., 
1974, 1978; Grover et al., 1978). Maybank et al. (1978) found 
that swath deposit uniformity, as characterized by standard 
deviation was frequently quite different even under similar 
trial conditions. They concluded that this variability was 
not affected by wind speeds less than 30 km h"'. Similarly, 
Grover et al. (1978) showed the distribution of droplet 
density over the swath as an isopleth and found that the 
average density varied by a factor of two. They concluded 
that the diagrammatic expressions of the droplet density 
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distribution patterns provided an instant visualization of the 
inherent spray swath deposition variability. 
Spray Drift Damage from Growth Regulator Herbicides 
Research has shown that spray drift is dependent on 
equipment design and application parameters and that more 
research directed towards the reduction of spray drift is 
needed. Ultimately, the goal of a herbicide application is to 
optimize usage and minimize spray drift. Research on the 
impingement and retention of spray droplets and the resulting 
effectiveness on the target is numerous. However, few have 
tried to accurately describe the symptoms of herbicide drift 
damage to sensitive non-target plants and the amount of 
herbicide required to cause such damage. Combellack (1982) 
concluded that this information is needed before the spray 
loss problem could be evaluated on an economical basis. He 
went on to say that often abnormal symptoms in susceptible 
crop plants are allegedly attributed to herbicidal drift, but 
that proven damage to the non-target species is relatively 
rare. Similarly, Yarish (1979) reported that herbicide injury 
symptoms were often confused with symptoms of nutrient stress, 
insect feeding, disease, water stress and others. 
The effects of spray drift on crops are well documented 
for the auxin-like herbicides, (benzoic, chlorophenoxy and 
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piconillic acids). As early as 1950, Oyer and Lee showed that 
2,4-D [(2,4-dichlorophenoxy)acetic acid] applied to soybean 
(Glycine max) could reduce yield. Similar results were shown 
with sunflower (Helianthus annuus), (Greenshields and Putt, 
1958) sweet clover (Melilotus officinalis), (Greenshields and 
White, 1954) rapeseed (Brassica napus), (Betts and Ashford, 
1976) sugarbeet {Beta vulgaris, (Schweitzer, 1978) grape 
(Vitis vinifera), (Ogg et al., 1991) and various vegetable 
crops (Leino and Haderlie, 1985; Hemphill and Montgomery, 
1981). However, few have separated the spray drift injury of 
this herbicide from the vapor drift injury. 
A comprehensive description of the effects from low doses 
of the sodium salt of MCPA [(4-chloro-2-methylphenoxy)acetic 
acid] sprayed onto the foliage of twelve vegetable crops has 
been reported by Way (1962, 1963a, 1963b, 1963c, 1964a, 
1964b). He also compared the effects of MCPA with those of 
2,4-D and other auxin-like herbicides. The British Crop 
Protection Council working party (1983) compared research 
conducted by Way and estimated the minimum damaging doses for 
2,4-D to range between 0.002 kg ha"' for lettuce (Lactuca 
sativa) to 0.3 kg ha"' for broad bean (Vicia faba) and onion 
(Allium cepa). 
Similarly, Hemphill and Montgomery (1981) investigated 
the effects of 0 to 280 g ha"' of 2,4-D on the marketability 
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and yield of several vegetable crops. A rate as low as 
2.1 g ha"' caused tomato (Lycoperslcon esculentum) fruit 
distortion and blotch ripening and elongated the radish roots. 
Rates greater than 160 g ha ' were required to reduce the 
potato (Solanum tuberosum) yield, while rates above 208 g ha"' 
were needed before foliar symptoms were observed on lettuce. 
A comprehensive investigation on the effect of auxin-like 
herbicides on field crops was performed by Smith and Geronimo 
(1984). Cotton {Gossypium hirsutum) was the most sensitive to 
2,4-D with 0.1 g ha"' reducing the yield by 13%. No yield 
reduction occurred with soybean or field bean (Phaseolus 
vulgaris) until 11.2 g ha"' was applied. Similar results 
occurred with triclopyr ( [ (3,5,6-trichloro-2-
pyridinyl)oxy]acetic acid) applications except that cotton was 
less sensitive and tomato was more sensitive. Significant 
tomato yield reduction due to 2,4-D did not occur until 
560.5 g ha"' was applied. 
Very few researchers have investigated the effects of 
spray drift from auxin-like herbicides on ornamentals. Feucht 
(1988) described the injury symptoms to trees from growth 
regulator herbicides. He also reported the results from 
laboratory tests conducted over a 16 year period. The tests 
showed that the average 2,4-D residue in 13 woody plants was 
0.52 ppm, while the lowest residue amount that produced 
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symptoms was 0.018 ppm. However, no application rates were 
mentioned. Therefore, no correlations can be made between the 
amount of herbicide contacting the plant, observed injury, and 
amount detected in the tissue. 
Ahmad et al. (1984) reported that a chrysanthemum 
(Chrysanthemum morifolium) foliar spray of 2,4-D at a 
concentration of 150 ppm and 200 ppm effectively increased the 
height, number of flowers, number of florets, longevity of 
flowers and advanced flower opening. Therefore, there still 
is a need for research which provides an accurate description 
of potential herbicide drift damage to sensitive non-target 
plants and the amount of herbicide required to cause such 
damage, even for a herbicide like 2,4-D which has been used 
for over 50 years. 
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PAPER I. SPRAY DRIFT OP A POSTEMERGENCE HERBICIDE 
DURING TURPGRASS APPLICATIONS 
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INTRODUCTION 
Numerous studies have shown that all pesticide 
applications have some drift downwind from the application 
site. Maybank et al. (1978) found that with ground sprayers, 
between 1% and 8% of the liquid applied drifted beyond the 
spray swath, depending on nozzle type and wind speed. Bode et 
al. (1976) and Smith et al. (1982) conducted 30 and 99 spray 
drift tests, respectively, with flat fan nozzles and concluded 
that wind speed and boom height were the most important drift-
related variables. Smith et al. (1982) found this to be true 
even though the percentage of droplets < 100 /xm in diameter 
ranged between < 0.1% and 22%. However, when Bode et al. 
(1976) compared the spray drift from flat fan nozzles and 
Raindrop' nozzles, twice as much drift occurred with the flat 
fan nozzles. Unfortunately, not enough tests were conducted 
with the Raindrop nozzles or other potential drift-reducing 
nozzles for the authors to describe the major drift 
parameters. 
Spray drift reduction from nozzles specifically designed 
to reduce drift has been reported (Bode and Zain, 1987; Bouse 
et al., 1976; Miller et al., 1989). The research has provided 
information on factors influencing spray drift for 
' Delavan-Delta Inc., 20 Delavan Drive, Lexington, TN 
38351. 
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agricultural applications, but this information cannot be 
extrapolated to smaller residential areas that are often 
closely bordered by various ornamentals and garden vegetables. 
Pesticide spray drift is one of the major environmental 
issues for the lawn care industry, because most of these 
applications are made in residential areas. In Iowa, spray 
drift ranks as the most frequent pesticide incident reported 
to the Iowa Department of Agriculture and Land Stewardship 
(Eckermann, 1990). In an attempt to alleviate potential 
non-target injury from postemergence broadleaf herbicide spray 
drift, many lawn care operators have adopted the lawn spray 
gun spraying system. This system was designed to apply dilute 
fertilizer and pesticide solutions at high spray volume and 
low nozzle pressure. 
Hurto (1988) has shown that a Chemlawn^ spray gun 
equipped with a 0.25 L s' nozzle produces a spray with a 
volume median diameter (vmd) of almost 2000 fim and that less 
than 0.40% of the spray droplets, by volume, were less than 
250 jum. However, no research has been published on the spray 
drift from the lawn spray gun. 
The objective of this study was to compare the quantity 
of spray drift and the effects of herbicide spray drift to 
^ Chemlawn Services Corp., P.O. Box 85-816 Columbus, OH 
43085. 
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non-target plants from the lawn spray gun and two nozzle types 
commonly used for turfgrass herbicide applications. 
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MATERIALS AND METHODS 
Field experiments were conducted in 1990 and 1991 on the 
Horticulture Research Station at Iowa State University. The 
experiments were conducted on a flat, grass area of mostly 
Kentucky bluegrass (Poa pratensis L.)with a grass height of 
5 cm and simulated herbicide application techniques used in 
urban lawn and golf course weed control. The experimental 
design is shown in Figure 1. 
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Figure 1. Schematic view of field layout. 
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A COj-pressurized sprayer, operated at approximately 
207 kPa, was used to apply the triethylamine salt of 
triclopyr^ [(3, 5, 6-trichloro-2-pyridinyl)oxy] acetic acid at 
a rate of 1.7 kg ae ha"' with the addition of 1% w/v 
Fluorescein. The fluorescent tracer technique described by 
Richardson (1984), was modified to use a higher dye 
concentration. The three spray nozzles tested were the 
XR8004'' flat fan, the RA-6 Raindrop^ swirlchamber, and the 
Lesco* spray gun. 
The Lesco lawn spray gun is hand-held and can be equipped 
with one of three interchangeable nozzle tips thus allowing 
the delivery of 5.4 to 24 L min"' spray solution. The nozzle 
tips consist of a single, molded, nylon piece containing 48 
straight spray jets (1.3 mm diameter) arranged on a spherical 
spray plate in order to provide a 45° full cone "showerhead" 
spray pattern. 
The flow rate of each nozzle was measured prior to 
conducting the experiments. If any nozzle had a ± 5% 
deviation from the mean flow rate, it was replaced. The flow 
' Turflon Amine Herbicide, DowElanco Chemical Co., 
Midland, MI 48674. 
* Spraying Systems Co., North Avenue, Wheaton, IL 60188. 
^ Delavan-Delta Inc., 20 Delavan Drive, Lexington, TN 
38351. 
® Lesco Inc., P.O. Box 16915, Rocky River, OH 44116. 
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rate, nozzle spacing and ground speed were used to calculate 
the volume applied per unit area for each application. 
Four XR8004 nozzles with 50 mesh screens, at 50 cm spacings, 
and mounted on a hand-held boom maintained at 51 cm above the 
target were used. The nozzle delivery rate was 17 ml s' and 
the speed was 6.4 km h"' resulting in a mean volume rate of 187 
L ha"'. 
The Raindrop application consisted of four RA-6 nozzles, 
tilted at a 45° angle from vertical with a 51 cm spacing, 
mounted on a single boom behind a motorized sprayer. Nozzle 
height was approximately 28 cm above the target and nozzle 
delivery rate was 34 ml s'. Application speed was 6.4 km h"' 
resulting in a mean volume rate of 374 L ha"'. 
The lawn spray gun had a 11.4 L min'' nozzle tip 
calibrated to deliver 200 ml s''. The 203 cm spray swath and 
3.2 km h' application speed resulted in a mean volume rate of 
1122 L ha'. 
The spray swath was positioned perpendicular to the wind 
direction. Three downwind sampling lines were set at 6.1 m 
intervals along the edge of the spray swath (Figure 1). Four 
sampling locations were positioned within each sampling line 
at distances of 0.3, 0.9, 1.5, and 2.1 m from the edge of the 
spray swath. Each location had two 28 x 11 cm 0.004 gauge 
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Polybase' mylar sheets mounted on a 66 x 2.1 cm sample board 
and two tomato {Lycopers icon esculentum, Mill.) plants. 
Tomato plants were 6 to 8 weeks old and 20 cm to 30 cm in 
height. Six additional tomato plants were used as untreated 
controls. They were brought to the test site, but were kept 
free from herbicide exposure. Four of the tomato plants were 
returned to the greenhouse, while the remaining two were used 
for fluorescence controls. 
Weather data at a 2 m height were recorded throughout the 
spray period with a CR21 micrologger' located less than 50 m 
from the application sight. Data collected included air 
temperature, relative humidity, solar radiation, wind 
velocity, and direction. 
Samples were collected immediately following the spray 
application and returned to the laboratory for analysis. 
Previous research (Richardson, 1984) showed that when 
collection time was less than 1 h after application, 
fluorescent tracer degradation was negligible. Spray 
applications were also made late in the day to avoid high 
light intensities. One of the two tomato plants at each 
sampling site was returned to the greenhouse to allow 
triclopyr injury to develop, while the remaining plants were 
' Cadillac Plastics, Pittsburgh, PA 15264. 
® Campbell Scientific Inc., P.O. Box 551, Logan, UT 84321. 
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excised at ground level and placed in individual plastic bags. 
Mylar sheets were stored individually in screw-top glass 
containers. All samples to be analyzed for fluorescence were 
kept in the dark until spray deposits were dry. A 30 ml 0.005 
M sodium hydroxide solution was added to the glass containers 
and plastic bags to remove the fluorescein dye. The samples 
were manually shaken 3 minutes. The rinsate was analyzed with 
a digital fluorometer'. The excitation filter wavelength was 
495 nm while the cut-off filter wavelength was 545 nm. Dye 
standards were used for the fluorescein calibration curve. 
Spray solution samples were collected in order to standardize 
the amount of fluorescein in the spray tanks. The experiment 
was repeated six times. Data were analyzed as a randomized 
block design with nozzle types as treatments and blocks the 
repetition in time. Length was a repeated measure analyzed as 
a split-plot factor. Sources of variation in the analysis of 
variance that contain row or pair as a factor were measures of 
sampling and sub-sampling variation in the experiment. Means 
were separated using the Fisher's protected least significant 
difference procedure at the 0.05 level of significance where 
appropriate. Orthogonal contrasts were used to test 
differences between nozzle types. 
' Model 450, Sequoia-Turner Corp., 850 Maude Ave., 
Mountain View, CA 94043. 
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RESULTS AND DISCUSSION 
A summary of the environmental conditions for the six 
experiments is given in Table 1. Spray drift is reported as a 
percentage of application volume collected in the spray swath 
because of different application volumes for the three nozzle 
types. 
The greatest percentage of application volume collected 
at the 30 cm downwind distance occurred with the flat fan 
nozzles followed by the Raindrop nozzles and then the lawn 
spray gun. All tomato plants died at the 3 0 cm location (data 
not shown). However, because direct deposition of spray was 
observed during applications, the 30 cm downwind location was 
not included in the analysis. Direct spray contact from the 
125° Raindrop nozzles tilted at a 45° angle from vertical 
occurred because of the spray trajectory. Deposition from the 
lawn spray gun occurred because the hand-held gun relies on 
wrist movement to disperse the spray evenly across the swath. 
Deposition from the flat fan nozzles may have been from the 
production of smaller droplets. Thus, a small unsprayed 
buffer area next to non-target plants should be left in order 
to avoid direct spray contact to non-target plants for all 
nozzle types tested. 
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Table 1. Summary of environmental conditions duing spray 
applications 
Windspeed Air Relative 
Trial 2 m Height Temperature Humidity 
Number (km h"') (C) (%) 
1 5.5 23.4 43.8 
2 5.9 11.8 23.2 
3 14.4 30.1 59.7 
4 9.6 28.8 65.8 
5 5.4 11.7 48.3 
6 4.7 10.5 56.6 
No significant interaction occurred between nozzle types 
and downwind distances for the percentage of application 
volume lost as spray drift and detected on mylar (Appendix 
Table 1). Mean separation of main effects showed that the 
lawn spray gun produced to lowest percentage of spray drift 
(Table 2). This amount was significantly less than the spray 
drift from the other two nozzles (Appendix, Table 1). These 
results indicate that spray drift within 210 cm downwind from 
the spray swath can be minimized by using a lawn spray gun. 
Spray drift detected with the Raindrop nozzles was 
slightly less than that reported by Bode et al. (1976). They 
reported that an average 1.9% of the spray was recovered 
outside the spray swath, with less than 1% total drift 
detected beyond a 2.4 m boundary during windspeeds of 12.2 to 
25 km h"'. The only other comparative drift study with 
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Raindrop nozzles was by Bouse et al. (1990) where more spray 
was recovered within 36 m from nozzles designed to reduce 
drift than from conventional nozzles. 
Spray drift as a percentage of application volume was 
greatest at the 90 cm location. The percentage decreased with 
increasing distance from the spray swath edge (Table 2). This 
decline in spray drift, as the distance from the nozzle 
increased has been well-documented by Young (1990). 
Table 2. Effect of nozzle type and downwind distance on 
spray drift collected on mylar targets' 
Nozzle cm 
Type 90 150 210 Mean*" 
Raindrop 1.2 0.2 0.1 0.5 ab 
Flat fan 1.7 1.0 0.5 1.1 b 
Spray gun 0. 08 0.04 0.03 0.05 a 
Mean 1.0 b 0.4 a 0.2 a 
' Values are expressed as a percentage of application volume 
collected within the spray swath. 
•' Means within a column or row followed by the same letter do 
not differ significantly at the 0.05 probablility level 
using LSD comparisons. 
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Spray drift, as a percentage of application volume, was 
significantly greater with the flat fan nozzles than with the 
lawn spray gun suggesting that injury to non-target plants 
would be the less with the lawn spray gun. 
Significant two-way interactions occurred between nozzle 
types and downwind distances for spray drift and the percent 
injury to tomatoes (Appendix Tables 2, 3). The percentage of 
application volume lost to drift decreased with increasing 
downwind distance from 0.81% to 0.42% for flat fan nozzles and 
from 0.28% to 0.06% for Raindrop nozzle applications. The 
lawn spray gun percentages were less than 3% at all distances 
(Figure 2). 
The difference in the spray deposits collected on mylar 
targets (Table 2) and tomato plants (Figure 2) shows the 
importance of collecting spray drift from natural plant 
surfaces. Uk (1977) showed that artificial targets usually 
collect a different size-distribution of droplets than natural 
surfaces. Combellack (1982) also expressed a need for such 
information in order to evaluate the spray loss problem on a 
plant damage basis. 
The percent injury to tomato plants was similar to the 
spray drift percentage data for all nozzle types (Figure 3). 
Injury decreased with increasing distance from the edge of the 
spray swath. However, tomato plants 210 cm downwind from the 
flat fan applications produced noticeable epinasty and leaf 
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strapping, while only slight epinasty was observed at the 90 
cm location with the Raindrop application. No injury symptoms 
were observed on tomato plants downwind from the lawn spray 
gun application. Orthogonal contrast comparisons showed that 
the lawn spray gun application resulted in significantly less 
injury to tomatoes compared to applications with the other two 
nozzle types (Appendix Table 2). This indicates that 
postemergence broadleaf herbicides applied with a lawn spray 
gun may not injure non-target plants positioned 90 cm or more 
from the spray swath edge. However, some limitations on 
extrapolating this information to an urban setting must be 
considered because potential turbulent air movements when 
spraying near buildings were not simulated. 
Height measurements from tomato plants maintained in the 
greenhouse correlates with the visual injury ratings and 
suggests that triclopyr injury decreases as the distance from 
the swath edge increases (Table 3). Plants 150 or 210 cm 
downwind were significantly taller than the control plants and 
those from the 90 cm location. 
Orthogonal contrast comparisons showed that tomato plants 
downwind from the lawn spray gun application grew 
significantly taller than those downwind from the flat fan and 
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Figure 2. Downwind drift of triclopyr on tomatoes from three 
nozzle types 
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Figure 3. Effect of triclopyr drift on tomatoes at three 
downwind locations 
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TABLE 3. Effect of nozzle type and distance from the spray 
swath on tomato height four weeks after herbicide 
application' 
Nozzle cm 
Type 90 150 210 MEAN*" 
Control 8.5 8.5 a 
Raindrop 13.7 14.0 12.9 13.5 b 
Flat fan 3.6 5.9 8.9 6.2 a 
Spray gun 13.6 16. 0 14 . 0 14.5 b 
MEAN 8.5 a 10.3 ab 12.0 b 11.9 b 
* Plants grown in the greenhouse. 
'' Means within a column or row followed by the same letter do 
not differ significantly at the 0.05 probablility level 
using LSD comparisons. 
Significant tomato fresh weight differences for nozzle 
types were observed (Appendix Table 5). Tomato plants 
downwind from the lawn spray gun application weighed more than 
tomato plants downwind from the flat fan application 
(Table 4). However, the weight increase was similar to the 
control plants. Orthogonal contrast comparisons showed that 
the plants downwind of the lawn spray gun application weighed 
significantly more than the other nozzle type applications. 
Significantly taller tomato plants downwind from the 
spray gun application in comparison to control plants 
(Table 3) may have been due to growth promotion of small 
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quantities of triclopyr taken up by these plants. The 
herbicide 2,4-D [(2,4-dichlorophenoxy)acetic acid] has been 
reported to improve the growth and yield of a crop at subtoxic 
levels (Wedding et al., 1956). Similarly, Guzman (1956), 
reported that tomato plants 107 m from an area sprayed with 
2,4-D dimethylamine salt had greater height gain than control 
plants because of the stimulatory effect from 2,4-D. More 
recently, Ahmad et al. (1984) showed that 200 ppm 2,4-D 
increased chrysanthemum {Chrysanthemum morifolium) height. 
TABLE 4. Effects of nozzle type and distance from the spray 
swath on tomato fresh weight four weeks after 
herbicide application' 
Nozzle cm 
Type 90 150 210 MEAN 
Control 87.7 87.7 ab 
Raindrop 72.8 85.1 100.6 86.2 ab 
Flat fan 61.6 79.6 89.1 76.8 a 
Spray gun 90.9 99.1 106.7 99.9 b 
MEAN 87.7 a 75.1 a 87.9 a 98.8 a 
' Plants grown in the greenhouse. 
Means within a column or row followed by the same letter do 
not differ significantly at the 0.05 probablility level 
using LSD comparisons. 
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CONCLUSIONS 
Direct deposition of spray at the 30 cm location suggests 
that a small unsprayed buffer area next to non-target plants 
should be maintained in order to avoid direct spray contact to 
non-target plants. The lowest percentage of application 
volume lost to drift occurred at 210 cm downwind. However, 
spray drift within 210 cm downwind from the spray swath can be 
minimized by using a lawn spray gun. 
Injury to non-target plants 90 cm or more from the spray 
swath edge was significantly less with the lawn spray gun in 
comparison to both the flat fan and Raindrop applications. 
The greater height gain for tomato plants downwind of the lawn 
spray gun applications in comparison to control plants may 
have been due to the stimulatory effect from triclopyr. 
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PAPER II. EFFECT OF SPRAY NOZZLE TYPE ON SPRAY 
DEPOSITION WITHIN THE SPRAY SWATH 
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INTRODUCTION 
The distribution of a herbicide spray over a target has 
been shown to be an important factor influencing application 
effectiveness (Combellack, 1984). A number of authors have 
evaluated the effects of spray equipment, herbicide 
formulations, adjuvants, meteorological conditions, and 
operational parameters on spray distribution. These 
investigations have been conducted in the laboratory (Azimi et 
al, 1985; Krishnan et al., 1990), in the field (Grover et al., 
1978; Maybank et al., 1978), or both (Smith, 1992a, 1992b; 
Smith and Plummer, 1984). 
Currently, a coefficient of variation (CV) of 15% across 
the spray swath in the field is considered an acceptable value 
for spray uniformity (Cupery, 1987). Yet, Smith and Plummer, 
(1984) showed that even under ideal conditions, only 3 of 14 
treatments with flooding, fan, and Raindrop' nozzles resulted 
in an acceptable CV. Similarly, in an extensive field 
investigation, Smith (1992a) showed that with three types of 
fan nozzles, only 21 of 60 treatments resulted in a CV of 15% 
or less. Direct comparisons with the Twin Jet^, Extended 
' Delavan-Delta Inc., 20 Delavan Drive, Lexington, TN 
38351. 
^ Spraying Systems Co., North Avenue, Wheaton, IL 60188. 
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Range', and flat fan nozzles, at identical pressures and boom 
heights, showed that only 4, 6, and 8 of 2 0 broadcast 
applications, respectively, resulted in a CV of 15% or less 
and a spray recovery of 95% or more. 
When comparing the spray uniformity from identical 
applications in laboratory and field studies, the CV was 
usually greater in the field studies. The opposite was found 
to be true for recovery. Smith (1992b) used the CV and spray 
recovery data to propose a pre-field broadcast spray deposit 
evaluation criteria. However, this criteria cannot be 
utilized to test the lawn spray gun because of the multiple 
nozzle requirement. 
Bintner et al., (1977) showed that Raindrop nozzles 
mounted backward, 90° from vertical had an improved deposition 
uniformity. Azimi et al. (1985) showed that small orifice 
flat fan nozzles produced a non-uniform spray swath 
distribution when operated at spacings of 51 cm or greater. 
However, no research has been published on the spray 
distribution from the lawn spray gun system which is designed 
to apply dilute fertilizer and pesticide solutions at high 
spray volumes and low nozzle pressures. 
The objective of this study was to compare the 
distribution uniformity and recovery of spray deposited in 
' Spraying Systems Co., North Avenue, Wheaton, IL 60188. 
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crystallizing dishes and on turfgrass when applied with the 
lawn spray gun, flat fan and Raindrop nozzles. 
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MATERIALS AND METHODS 
Field tests were conducted in 1990 and 1991 on the 
Horticulture Research Station at Iowa State University. Tests 
were conducted on a flat, grass area of mostly Kentucky 
bluegrass (Poa pratensis L.)with a grass height of 5 cm. The 
spray swath was a 30 m by 1.8 m strip (Fig 1, Paper I). 
Trials were designed to simulate herbicide applications used 
for urban and golf course weed control. 
A COj-pressurized sprayer, operated at approximately 
207 kPa, was used to apply the triethylamine salt of triclopyr 
([(3, 5, 6-trichloro-2-pyridinyl)oxy] acetic acid) at a rate 
of 1.7 kg ae ha"' with the addition of 1% w/v fluorescein. The 
fluorescent tracer technique was similar to that described by 
Richardson (1984) except that the fluorescein concentration 
was increased from 0.01% to 1%. Three spray nozzles were 
tested; XR8004 flat fan, RA-6 Raindrop, and Lesco^ spray gun. 
Prior to the field tests, the flow rate of each nozzle 
was measured. If the flow rate of any nozzle was not within 
5% of the mean flow rate, it was replaced. Flow rate, nozzle 
spacing and ground speed were used to calculate the 
application volume. 
The flat fan application included four XR8004 nozzles with 
Lesco Inc., P.O. Box 16915, Rocky River, OH 44116. 
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50 mesh screens, at 49.5 cm spacings, mounted on a hand-
carried boom at a height of 51 cm above the target. The 
nozzle delivery rate was 17 ml s"', and speed was 6.4 km h"' 
with a resulting mean application volume of 187 L ha"'. 
The Raindrop application used four RA-6 nozzles, tilted 
at a 45° angle with a 51 cm spacing, mounted on single boom 
behind a motorized sprayer. The nozzle height was 
approximately 28 cm above the target, while the delivery rate 
was 34 ml s '. Application speed was maintained at 6.4 km h"' 
resulting in a mean application volume of 374 L ha"'. The 
The Lesco spray gun is a hand-held spray gun that can be 
equipped with three interchangeable nozzle tips resulting in a 
5.4 to 24 L min' application volume. The nozzle tips are 
molded nylon containing 48 straight spray jets (1.3 mm 
diameter) arranged on a spherical spray plate providing a 45° 
full cone "showerhead" spray pattern. Nozzle delivery rate 
was 200 ml swith a spray width of 203 cm and a walking 
speed of 3.2 km h"', resulting in a mean application volume of 
1122 L ha-'. 
The spray applications were made perpendicular to the 
wind direction. Sampling within the spray swath was taken 
from two types of collectors. Four alternating pairs of 
100 X 50 mm crystallizing dishes and potted turfgrass plugs 
(10 cm diameter) were evenly space within the swath. 
68 
Crystallizing dishes were used to minimize spray droplet 
splash. Turfgrass samples were used to determine amount of 
spray remaining on the vegetation. Air temperature, relative 
humidity, solar radiation, wind velocity, and direction (2 m 
height) were recorded during the applications with a 2ICR 
micrologger® located less than 50 meters from the experiment. 
Samples were collected immediately following application 
and returned to the laboratory for analysis. Previous 
research (Richardson, 1984) showed that when collection time 
was less than one hour after application, fluorescent tracer 
degradation was negligible. Spray applications were also made 
late in the day to avoid high light intensities. Samples were 
kept in the dark until spray deposits were dry. Plant tissue 
was clipped at the soil surface, placed in a container, and 
refrigerated until dye removal. Thirty milliliters of a 0.005 
M sodium hydroxide solution was used to remove the fluorescein 
from each crystallizing dish and container containing grass 
tissue. Dishes and containers were shaken for 3 minutes or 
more before removing the rinsate for analysis with a digital 
fluorometer*. Samples from the dishes were further diluted 
with sodium hydroxide by a factor of 20 to 40. Dye-sodium 
hydroxide solution standards were used to calculate a 
^ Campbell Scientific Inc., P.O. Box 551, Logan, UT 84321. 
® Model 450, Sequoia-Turner Corp., 850 Maude Ave., 
Mountain View, CA 94043. 
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calibration curve for the fluorescein. Tank samples were also 
taken in order to standardize the amount of fluorescein in the 
solutions. 
The experiment was repeated six times. Percent recovery 
was calculated from the theoretical and average actual 
deposits. Equation 1 describes the coefficient of variation 
for spray distributions. Data were analyzed as a randomized 
block design with nozzle type as the treatments and blocks as 
the replication in time. Sources of variation in the analysis 
of variance that contain row as a factor were measures of 
sampling variation in the experiment. Means were separated 
using the Fisher's protected least significant difference 
procedure at the 0.05 probability level when main effects were 
significant. 
Equation 1. TTT 
%CV= x l O O  n-1 
X 
Xj = Amount of spray deposited at the i*** sample in 
the spray swath. 
X = Mean spray distribution across the spray 
swath. 
n = Number of measurements. 
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RESULTS AND DISCUSSION 
A summary of the environmental conditions for the six 
experiments is given in Table 1. Windspeeds during spray 
applications were generally low except for trial three, when 
it was within the 13 to 19 km h' range expressed by the 
Beaufort scale as a gentle breeze (BCPC, 1983). A nozzle type 
by collector interaction did not occur. However, differences 
between collection by the crystallizing dishes and turfgrass 
samples were highly significant (Appendix Table 6). The 
averages of on-swath deposition and percent spray recoveries 
for the crystallizing dishes and turfgrass plugs are given in 
Table 2. 













1 5.5 23.4 43.8 
2 5.9 11.8 23.2 
3 14.4 30.1 59.7 
4 9.6 28.8 65.8 
5 5.4 11.7 48.3 
6 4.7 10.5 56.6 
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The percent spray recovery data for the crystallizing 
dishes averaged 103%, 85%, and 96% for the flat fan, Raindrop, 
and spray gun applications, respectively (Table 2). The mean 
percent spray recovery for all nozzle types was 95% suggesting 
that a majority of spray was deposited in the crystallizing 
dishes. However, the percent recovery for the crystallizing 
dishes from all nozzle types ranged from 57 to 142%, 
indicating that large differences do occur within the spray 
swath. 
There was approximately a two-fold difference in 
deposition along the spray swath with each nozzle type. 
Similar results were shown by Grover et al. (1978) and Maybank 
et al. (1974). Spray deposits collected in the crystallizing 
dishes ranged from 1.1 to 2.5 ijlI cm"^ for the flat fan nozzles, 
2.3 to 4.8 Hi cm'^ for the Raindrop nozzles, and 7.3 to 
12.9 Hi cm'^ for the lawn spray gun. The corresponding CV 
values for the nozzle types ranged from 13.5 to 26.8%. The 
average CV value for the six experiments were within the 
ranges reported by Taylor and Merrit (1974), Maybank et al. 
(1974), and Maybank et al. (1990). Maybank et al. (1990) 
reported that flat fan nozzles at an aplication rate of 
0.7 6 L min' had a CV range of 14 to 27.5% and concluded that 
the nozzles provided satisfactory uniformity for droplet 
deposition. This suggests that applications can be 
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satisfactory uniform even though they are above the 
recommended CV value of 15%. 
The similarity of CV values for all nozzle types was 
unexpected because of the possible sources of variation such 
as spray volume (Azimi et al., 1985) and application speed 
(Nation, 1980) which have been shown to increase the variation 
of spray distribution. The large droplets such as those 
produced by the lawn spray gun are generally considered to 
result in poorer distribution because the number of droplets 
per unit area decreases (Ross and Lembi, 1985). However, only 
a slightly higher CV occurred with the lawn spray gun. Cupery 
(1987) stated that the CV depends upon the equipment, 
materials, and operating conditions of the test as well as the 
area, elapsed time and collection of samples. He indicated 
that sampling area was one of the most important factors 
affecting a CV value. A sample area too large will average 
out real differences, leading to low CV values, while an area 
too small leads to large CV values. The present study 
collected two spray droplet samples at four locations within 
the spray swath which may have been too small to demonstrate 
the spray deposit variations that originate from the nozzle 
type. However, Grover et al., (1978) showed that spray 
droplets collected from 24 petri dishes within a spray swath 
had CV values between 3 0 and 4 0%. Thus, spray deposition 
variability may be inherent with all applications and there 
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may be no effective method to compare spray deposition from 
different nozzle types. 
Percent spray recoveries for the grass samples were 
calculated using the surface area of the plug instead of the 
leaf area of the grass blades due to the large variability in 
leaf area. These spray recovery values were considerably less 
than the crystallizing dishes (Table 2). The low percent 
spray recovery with the RA-6 nozzle and the spray gun were 
expected because previous reports showed lower collection 
efficiencies by grasses when droplets were greater than 300 jum 
(Bryant and Courshee, 1985; Dempsey et al., 1985). 
Spray deposits on grass blades were also calculated as a 
fraction of the plant dry weight (Table 2). Taylor and 
Embling (1989) showed that the variability of spray deposition 
with grasses was not increased when values were expressed as a 
function of dry weight. The mean spray deposition expressed 
on the basis of grass dry weight indicated that the greatest 
amount of spray was deposited with the flat fan nozzles. 
Spray deposits expressed on a dry weight basis were not 
significantly different for the nozzle types despite the two 
and six-fold increase in application volumes with the RA-6 
nozzle and spray gun, respectively. This suggests that 
droplets produced by flat fan nozzle may have greater 
collection efficiency than the RA-6 nozzle or the spray gun. 
These findings also agree with the variability reported by 
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Maybank et al. (1978) with applications made during almost 
identical environmental conditions. 
The very low percent spray recovery from the spray gun 
indicates that very little of the spray solution remains on 
the vegetation. This may be because of the large vmd; the 
15 L min' nozzle vmd was reported to be 2000 urn, (Hurto, 
1988) , and the large spray volume (1122 L ha"') applied. 
Johnstone (1973) reported that droplets coalesce and run-off 
from plants occur when herbicides are applied in spray volumes 
greater than 500 L ha"'. Large spray volume applications are 
ideal for fertilizer and preemergence herbicide applications 
where the goal is to move the chemical into soil, but may not 
result in effective control with postemergence foliage 
applications. 
It is generally accepted that broadleaf weeds collect 
larger droplets than grasses because of their larger surface 
area and contact surfaces that tend to be perpendicular to the 
droplet trajectory (Spillman, 1984). However, Johnstone 
(1973) showed that when an artificial surface is inclined at 
45°, the greatest retention with droplets > 500 jitm occurred 
with the smallest target. Droplets 1000 to 2000 nm in size 
showed a dramatic decrease in retention as target size 
increased. Therefore, droplets produced by the RA-6 nozzles 
and spray gun may have greater retention on grass blades when 
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compared to broadleaf weeds. Further research on droplet 
collection by broadleaf weeds is needed to determine if the 
application volume with the spray gun is limiting herbicide 
uptake. 
Table 2. Average spray swath deposits, percent recovery and 
coefficients of variation for deposits within the 
spray swath. Mean deposit per grass dry weight (g) 
is shown in parentheses 
Nozzle Dish Collector Grass Collector 
Type Deposit' PREC" CV Deposit" PREC^ CV 
Raindrop 3.2 85.4 19.9 0.6 (21.5) 15.0 29.1 
Flat fan 1.9 102.7 17.5 0.7 (30.7) 37.2 23.4 
Spray gun 10.8 96.0 21.1 2.4 (28.2) 6. 6 25.2 
LSD 0.05 2.3 N.S.d N.S. N.S.(N.S.) 13.2 N.S. 
' Fluorescein deposited (jul cm'^) 
'' Percentage of the applied amount recovered 
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PAPER III. EFFECT OP 2,4-D AND TRICLOPYR ON 
ANNUAL BEDDING PLANTS 
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INTRODUCTION 
The intent of every herbicide application is proper 
herbicide placement to an intended area in order to achieve 
desired weed control without injuring non-target plants. 
However, spray drift injury to non-target plants does 
occasionally occur when all normal precautions are taken and 
commonly occurs when a herbicide is mishandled or applied 
under improper conditions. Such instances may kill a non-
target plant depending on the herbicide used and species 
susceptibility. When plant growth regulator herbicides are 
used on broadleaf weeds, very low concentrations can cause 
noticeable injury symptoms (Ries, 1976). Lee and Bewink 
(1947) showed that many annual broadleaf weeds are most 
susceptible to auxin-like herbicides in the early seedling 
stage, while after the fruit setting stage, there is a period 
of minimum susceptibility. Most annual flowers are already 
mature when placed into the landscape, therefore, they should 
be less sensitive compared to earlier growth stages. Leaf 
production is also slowed during the early flowering stage 
making visual diagnosis of injury difficult. 
The lawn care industry and the Department of 
Transportation frequently use herbicides postemergence like 
2,4-D [(2, 4-dichlorophenoxy)acetic acid] or triclopyr ([(3, 5, 
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6-trichloro-2-pyridinyl)oxy] acetic acid) to control broadleaf 
weeds within a turfgrass and along roadsides. Often 
applications are made to the grasses when sensitive 
ornamentals are nearby. 
The effects of spray drift from plant growth regulator 
herbicides are well documented for such crops as soybean 
(Glycine max) (Oyer and Lee, 1950); sunflower (Helianthus 
annuus) (Greenshields and Putt, 1958); alfalfa, (Medicago 
sativa) (Al-Khatib et al., 1992a); sweet clover (Melilotus 
officinalis) (Greenshields and White, 1954); rapeseed 
(Brassica napus) (Betts and Ashford, 1976); sugarbeet (Beta 
vulgaris), (Schweizer, 1978); grape (Vitis vinifera) (Ogg et 
al., 1991); and various vegetable crops (Leino and Haderlie, 
1985; Hemphill and Montgomery, 1981). A comprehensive 
description of the effects from low doses of the sodium salt 
of MCPA [(4-chloro-2-methylphenoxy)acetic acid] sprayed onto 
the foliage of twelve vegetable crops has also been reported 
by Way (1962, 1963a, 1963b, 1963c, 1964a, 1964b). 
Little research has been direct towards accurately 
describing the symptoms of herbicide drift damage to sensitive 
ornamentals and determining the amount of herbicide required 
to cause such damage. Feucht (1988) described the injury 
symptoms to various trees and Al-Khatib et al. (1992b) with 
sweet cherry (Probus avium). Al-Khatib et al. (1992c) also 
described injury symptoms to rose (Rosa dilecta) from growth 
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regulator herbicides. However, the response of annual flowers 
to herbicides at simulated drift rates has not been reported. 
Combellack (1982) concluded that this information is needed 
before the spray drift problem could be evaluated on an 
economical basis. He went on to say that often abnormal 
symptoms in susceptible crop plants are allegedly attributed 
to herbicidal drift, but that proven damage to the non-target 
species is relatively rare. 
The objectives of this study were to determine the 
susceptibility of several annual flowers to 2,4-D and 
triclopyr and to collect herbicide injury symptomology 
information for the diagnosis of herbicide drift on annual 
flowers. 
83 
MATERIALS AND METHODS 
Screening Study 
A preliminary greenhouse study was conducted with nine 
annual flower species; begonia, {Begonia x Semperflorens -
cultorum Hort. 'Espresso Rose' and 'Party White'), geranium, 
(Pelargonium x hortorum Bailey 'Cardinal and Pink Orbit'), 
impatiens (Impatiens wallerana Hook 'Bright Eye' and 'Accent 
White'), marigold, (Tagetes erecta L. 'Perfection Gold' and 
Tagetes patula L. 'Boy O'Boy'), pansy (Viola x wittrockiana L. 
'Majestic Mixture'), petunia (Petunia x hybrida Vilm. 'Daddy 
Mixture' and 'Red Madness'), salvia (Salvia farinacea L. 
'Empire Lilac'), statice (Limonium sinuatum L. 'Regal Mixed 
Colors'), and vinca (Catharanthus roseus L. 'Pretty In Pink' 
and 'Bright Eye'). Seeds were germinated under'mist, in a 
vermiculite medium. Seedlings at the two-true-leaf stage were 
transplanted into plastic D1206 corn-packs' using a medium of 
20% loam, 40% peat, and 40% perlite. Approximately three 
weeks later, the seedlings were transplanted into 500 cm^ pots. 
Plants were watered as needed and fertilized weekly with a 2 0-
10-20 soluble fertilizer diluted to 200 ppm N. Greenhouse 
temperature was maintained at a 24/17 C day/night. Natural 
' A. H. Hummert Seed Co., 2746 Chouteau Ave., St. Louis, 
MO 63103. 
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lighting was supplemented with high-pressure sodium lights at 
500 /Ltmol cm"^ s"' photosynthetic photon flux density and 
adjusted for a 15 hour day length. 
Herbicide treatments were made to mature plants in full 
flower using a moving nozzle spray chamber equipped with a 
single flat fan nozzle^. The COj-pressurized sprayer delivered 
234 L ha"' of spray solution at 225 kPa. The triethylamine 
salt of triclopyr was applied at 2, 8, 32, 128, and 512 g ae 
ha"' and the diethylamine salt of 2,4-D was applied at 1, 4, 
16, 64, and 2 56 g ae ha"'. Control plants were sprayed with 
water only. Injury symptomology was recorded at four day 
intervals after application. Visual injury ratings were taken 
four and eight weeks after herbicide applications. Ratings 
were based on 0 = no injury and 100 = plants dead. 
The experimental design was a split-block with six 
replications. The main plots were the herbicide treatments 
and the subplots were the flower species. The experiment was 
conducted twice and results were combined upon confirmation of 
homogeneity of variances. Results were analyzed by the 
analysis of variance procedure and means were separated by the 
Fisher's protected least significant difference procedure at 
the 5% level of significance where appropriate. The untreated 
^ TeeJet 8001 even fan nozzle tip, Spraying Systems Co, 
Wheaton, IL 60188. 
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controls were removed and data were angularly transformed 
(arcsin Vx) before analysis of visual injury. Untransformed 
data were presented as the transformation did not affect 
conclusions. 
Cultivars within a species responded similarly to 
herbicide treatments and thus data were combined for each 
species. Plant injury increased with time for the higher rate 
herbicide treatments, therefore, only the final injury ratings 
were evaluated. 
Repeated Application Study 
A greenhouse study was conducted with marigold, (Tagetes 
erecta L. 'Apollo') to investigate plant response to single 
and double herbicide dosages. Germination, transplant, and 
growing conditions were identical to those of the preliminary 
greenhouse study. Herbicide treatments were made to mature 
plants at the early flower bud stage. Applications were made 
using the moving nozzle spray chamber as described in the 
screening study. The triethylamine salt of triclopyr was 
applied at 8, 32, 128, and 512 g ha"' and the diethylamine salt 
of 2,4-D was applied at 4, 16, 64, and 256 g ha"'. Six 
additional treatments consisted of repeat applications of the 
first three rates for each herbicide one week after the 
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intended application resulting in total application rates of 
8, 32, and 128 g ha"' for 2,4-D and 16, 64, and 256 g ha"' for 
triclopyr. Control plants were sprayed with water only. 
Visual injury ratings and flower counts were taken 1, 7, and 
14 days after herbicide application. Ratings were based on 
0 = no injury and 100 = plants dead. 
The experimental design was a split-block with seven 
replications. The main plots were the herbicides and the 
subplots were the rates. The experiment was conducted twice 
and results were combined upon confirmation of homogeneity of 
variances. Prior to general linear models^ (GLM) analysis, 
herbicide dosages were expressed as logarithms, Log;(dose) and 
then converted back to their original units expressed in 
g ha"' for presentation. Data were analyzed with and without 
arcsin transformations, but results were similar, thus raw 
means are presented. Regression analysis was used to describe 
the relationship between marigold injury and herbicide 
dosages. Significant differences between slopes for single 
and double dosages were calculated using a Student's t test. 
Means were compared using the Fisher's protected least 
significant difference test at the 5% level of significance 
where appropriate (Steel and Torrie, 1980) . 
^ SAS, Version 6.0, 1992. SAS Inst., Inc., Box 8000, 
Gary, NC 27511-8000. 
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Herbicide Comparison Study 
A greenhouse study was conducted with impatiens 
(Impatiens vrallerana Hook 'Bright Eye', 'Accent Coral' and 
'Accent Apricot'), marigold, (Tagetes erecta L. 'Bonanza 
Mixture' and 'Legend Yellow'), and petunia (Petunia x hybrida 
Vilm. 'Supercascade Lilac' and 'Simply Madness') to compare 
2,4-D and triclopyr phytotoxicity to three commonly grown 
annual flowers. Germination, transplant, and growing 
conditions were identical to those previously described. 
Herbicide treatments were made to mature plants at the early 
flowering stage. Applications were made using the moving 
nozzle spray chamber as previously described. The 
triethylamine salt of triclopyr and the diethylamine salt of 
2,4-D were applied at 25, 50, 100, and 125 g ha"'. 
Cultivars within a species responded similarly to 
herbicide treatments and thus data were combined for each 
species. Visual observations were noted every three days 
while injury ratings and flower counts were taken weekly. 
Ratings were based on 0 = no injury and 100 = plants dead. 
Four weeks after the treatments, plants were harvested at the 
soil surface and fresh weights recorded. Samples were then 
oven-dried for 48 hours at 85 C and dry weights recorded. 
The experimental design was a split-split plot with three 
replications. The main plots were the flower species with 
88 
herbicides as subplots and rates as the sub-subplots. The 
experiment was conducted twice and results were combined upon 
confirmation of homogeneity of variances. Results were 
analyzed by the analysis of variance procedure and means were 
separated by Fisher's protected least significant difference 
procedure (0.05) where appropriate. The untreated controls 
were removed and data were angularly transformed (arcsin Vx) 
before analysis of visual injury. The transformation did not 
affect results, thus untransformed data were presented. 
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RESULTS AND DISCUSSION 
Screening Study 
Significant differences occurred for flower species 
response to herbicide treatments (Appendix Table 7). Petunia 
was the most sensitive species tested and appeared to be more 
sensitive to triclopyr than to 2,4-D (Figure 1). Petunias 
receiving 2 g ha' triclopyr demonstrated slight stem 
epinasty, while plants receiving 128 g ha"' or more produced 
noticeable injury symptoms 1 day after treatment (DAT) which 
progressed to shoot tip death by 7 DAT. Symptoms 1 DAT 
included wilting of open flowers, flower stem epinasty, and 
leaf cupping. The number of flowers produced by plants 
receiving higher triclopyr or 2,4-D rates was less in 
comparison to plants receiving lower herbicide rates. 
Begonia was also very sensitive to triclopyr at 
128 g ha"' or more and to 2,4-D at 256 g ha"' (Figure 1). Lower 
rates produced only slight leaf cupping or leaf margin 
strapping symptoms. 
Marigold response to herbicide treatments was variable 
(Figure 1). The high triclopyr rate killed plants while the 
high rate of 2,4-D cause noticeable epinasty, stem callus 
formation, and flower deformities. 
Injury to statice was not pronounced until triclopyr at 
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the rate of 128 g ha"' or more and 2,4-D at the rate of 
256 g ha"' was used (Figure 2) . Even at these rates, all 
plants were alive 8 weeks after treatment (WAT). Injury 
symptoms consisted of leaf wilt and necrosis, and slight 
epinasty of the flower stem for plants that bolted. Fewer 
plants bolted in comparison to those receiving less than 
128 g ha"' of triclopyr or 256 g ha"' of 2,4-D. 
Pansy response to herbicide treatments was not distinct 
until the high rate of triclopyr or 2,4-D was used. Some 
flower stem epinasty occurred at lower herbicide rates, but 
because of the vine growth habit, injury was not easy to 
identify. Pansy injury symptoms included general growth 
suppression and slight cupping of the youngest leaves. Plants 
receiving higher herbicide rates also demonstrated reduced 
flower production. 
Impatiens, geranium, vinca, and salvia responded 
similarly to triclopyr and 2,4-D (Figures 2, 3). Only 
512 g ha"' of triclopyr produced pronounced injury symptoms. 
Geranium was the most sensitive of the four species with 
several dead plants by 8 WAT. Impatiens appeared the least 
sensitive with leaf wilting and chlorosis being the most 
distinct symptoms. Vinca injury consisted of the downward 
rolling of the leaf margins as if the plants were under water 
stress. Symptoms on the salvia consisted of slight flower 
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stem epinasty and leaf wilt. Flowering was suppressed for the 
four species in comparison to plants receiving 2,4-D or lower 
triclopyr rates. 
Implications of Results The greenhouse study 
indicated that petunia was extremely sensitive to 2,4-D and 
triclopyr. Begonia, marigold, statice, and pansy were 
moderately sensitive, while geranium, impatiens, vinca, and 
salvia were the least sensitive. 
Triclopyr at 512 g ha"' was lethal to most species tested, 
while 128 g ha"' caused pronounced to severe injury in 
moderately sensitive species and petunias. Injury from 
triclopyr rates below 128 g ha"' was generally unrecognizable 
for all species except petunia. 
The flower species tested appeared to be less sensitive 
to 2,4-D than to triclopyr. Begonia, marigold, statice, and 
pansy were sensitive to 256 g ha"' with observed injury greater 
than 40%. Geranium, impatiens, and salvia were the least 
sensitive species. Injury symptoms with these species 
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Figure 1. Visible injury to petunia (A), begonia (B), and 
marigold (C) from 2,4-D and triclopyr. 
* Note: Rate of herbicide applied is on a 
base; logarithmic scale 
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Figure 2. Visible injury to statice (A), pansy (B), and 
impatiens (C) from 2,4-D and triclopyr. 
* Note: Rate of herbicide applied is on a 
base, logarithmic scale 
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Figure 3. Visible injury to geranium (A), vinca (B), and 
salvia (C) from 2,4-D and triclopyr 
* Note: Rate of herbicide applied is on a 
base; logarithmic scale 
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Repeated Application Study 
2 / 4 - D  Marigold response to single dosages of 2,4-D 
was greater than to double dosages at 7 DAT (Figure 4). 
However, by 14 DAT (Figure 5), the responses to single and 
double 2,4-D dosages were similar (Appendix Table 8). The 
lack of significant slope differences for single and double 
dosages at 14 DAT indicates that the effects of 2,4-D exposure 
is additive. Breeze (1988) demonstrated similar results with 
2,4-D vapor concentrations and period of exposure. 
Injury was evident 1 DAT for rates above 16 g ha"'. By 
14 DAT, plants receiving 256 g ha"' were severely distorted 
with callus formation on plant stems and flower stalks and the 
foliage appeared wilted. Plants receiving less than 32 g ha"' 
showed only slight stem epinasty. The most evident symptom 
with these plants was the characteristic "marginal frilling" 
(Oresenigo, 1964) of leaflets near the flower buds. However, 
due to the pinnately compound leaf morphology of marigolds, 
this symptom can be easily missed. 
Herbicide treatments significantly reduced the number of 
flower buds initiated (Appendix Table 9). Flower bud 
production was reduced by at least 27% for all treatments in 
comparison to untreated plants. The least reduction occurred 
with the double dosages of 4 and 16 g ha' while 256 g ha' 
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reduced flower bud production by 82% (Table 1). The 
difference in flower production with the double dosages of 4 
and 16 g ha"' in comparison to single doses indicates flowering 
was stimulated by these applications. 
Ahmad et al. (1984), reported similar increases with 
applications of 200 ppm of 2,4-D to chrysanthemum 
(Chrysanthemum morifolium). 
The number of open inflorescences during the 14 day 
period was reduced by at least 49% for all treatments except 
plants receiving the double dosage of 4 g ha"' that produced 2% 
more flowers than untreated plants. The cause for the 
increase by plants receiving the double dosage of 4 g ha"' in 
comparison to a single dosage is unclear. However, results 
indicate that even though visual injury symptoms were not 
apparent, inflorescence production can be significantly 
reduced by rates as low as 4 g ha' and the rate of floral 
development can be slowed by rates as low as 8 g ha' 
(Appendix Table 10). 
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SINGLE DOSE + — DOUBLE DOSE 
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RATE (g ae ha'^) * 
Figure 4. Relationship between single and double dosages of 
2,4-D on visual injury of marigolds 7 days after 
treatment. Regression equations for single and 
double dosage treatments were y = 9.29x - 21.44 
R^ = 0.87 and y = 9.59x - 22.52 R^ = 0.82, 
respectively 
* Note: Rate of herbicide applied is on a 
basej logarithmic scale 
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RATE (g ae ha* 
Figure 5. Relationship between single and double dosages of 
2,4-D on visual injury of marigolds 14 days after 
treatment. Regression equations for single and 
double dosage treatments were y = 14.14% - 40.19 
R^ = 0.9 4 and y = 14.58% - 46.68 R^ = 0.98, 
respectively 
* Note: Rate of herbicide applied is on a 
base; logarithmic scale 
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Table Inflorescences initiated and the number of open 


















































' Means within a column followed by the same letter do not 
differ significantly at the 0.05 probablility level 
using LSD comparisons for each herbicide. 
Treatments with two rates were applications made with 
a 7 day interval. 
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Triclopyr Marigold response to single and double 
dosages of triclopyr were similar to those of 2,4-D (Appendix 
Table 8, Figures 6, 7). The lack of significant slope 
differences for single and double dosages at 14 DAT indicates 
that, like 2,4-D, the amount of triclopyr contacting marigolds 
has an additive affect on visual injury. However, unlike 
2,4-D, double dosages of triclopyr were more injurious than 
single dosages. 
Slope differences between 2,4-D and triclopyr suggests 
that marigolds may be more sensitive to low rates of 
triclopyr. Smith and Geronimo (1984) reported that 2,4-D was 
less active than triclopyr on tomato (Lycopersicon 
esculentum), field bean (Phaseolus vulgaris), grape (Vitis 
vinifera), tobacco {Nicotiana Tobacum), soybean {Glycine max), 
and peanut (Arachis hypogaea), while triclopyr has been 
reported to be safer than 2,4-D on cotton (Fratesi et al., 
1988). 
Plants treated with triclopyr had 25% to 85% less 
inflorescences and bud production was reduced 40% to 82% 
(Table 1). Injury symptoms were evident at rates above 
16 g ha"' the day after application. Necrosis of the flower 
stalk at the base of some flowers and increased callus 
formation on flower stalks with triclopyr were the main 
differences in injury for the two herbicides. 
101 
100 
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Figure 6. Relationship between single and double dosages of 
triclopyr on visual injury to marigolds 7 days 
after treatment. Regression equations for single 
and double dosage treatments were y = 11.79% -
18.94 R' = 0.98 and y = 7.85x + 3.6 R? = 0.99, 
respectively, 
* Note: Rate of herbicide applied is on a 
base? logarithmic scale 
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Figure 7. Relationship between single and double dosages of 
triclopyr on visual injury to marigolds 14 days 
after treatment. Regression equations for single 
and double dosage treatments were y = I2.25x - 4.4 
= 0.92 and y = 12.13x + 1.55 R^ = 0.98, 
respectively. 
* Note: Rate of herbicide applied is on a 
basG; logarithmic scale 
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Implications of Results The results of this study 
indicate that repeated exposure to either 2,4-D or triclopyr 
has an additive effect on visual injury and that double 
dosages of triclopyr may be more injurious than single 
dosages. All rates of 2,4-D and triclopyr reduced flower bud 
production in comparison to untreated plants and delayed 
floral development with the exception of the double dosage of 
4 g ha"' of 2,4-D. Inflorescence reduction, even when visual 
injury symptoms were not evident, suggests that extreme 
caution must be used when 2,4-D or triclopyr are applied near 
marigolds. 
Herbicide Comparison Study 
The three annual flowers responded differently to the two 
herbicides (Appendix Table 11). Injury was evident 1 DAT for 
petunias receiving herbicide applications. Initial injury on 
marigold and impatiens was not evident, but with marigold, 
injury progressed so that by 7 DAT, foliar symptoms were 
evident for rates greater than 50 g ha"' for both herbicides. 
The number of open inflorescences were recorded as a 
secondary indication of injury. The number of open 
inflorescences differed for each species (Appendix Table 12). 
Impatiens had more open flowers per plant than either petunias 
or marigolds (Figures 8, 9). Both herbicides initially 
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suppressed floral development, but by 21 DAT plants began to 
overcome the suppression from 2,4-D (Figure 8). The number of 
open inflorescences also varied with herbicide rate with 
significantly more open inflorescences at rates of 50 g ha"' 
and below than above 50 g ha' (Appendix Table 13, Figure 9). 
The number of inflorescences initiated was reduced by 19% for 
plants receiving triclopyr in comparison to 2,4-D (Table 2). 
Floral production was also reduced by at least 17% for plants 
receiving herbicide rates above 50 g ha"' in comparison to 
lower rates. 
Dry weights decreased with increasing herbicide rate 
(Appendix Table 14, Table 2). Triclopyr applications 
restricted dry matter accumulation more than 2,4-D. Plants 
receiving 25 g ha"' of 2,4-D accumulated more dry matter than 
untreated plants indicating that growth was stimulated at this 
rate. Similar growth stimulation has been reported by 
Hemphill and Montgomery (1981) with potatoes and by Ahmad et 
al., (1984) with chrysanthemums (Chrysanthemum morifolium). 
Petunia Triclopyr was more injurious to petunia than 
2,4-D (Table 3). Triclopyr injury 7 DAT was similar to 2,4-D 
injury, however, injury steadily increased during the four 
week period for triclopyr applications, while only the high 
rate of 2,4-D caused an increase in injury. Early symptoms 
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consisted of flower stem epinasty and the senscence of flowers 
that were open or almost open at the time of application and 
slowed flower development. Plants receiving less than 
125 g ha"' of 2,4-D began to recover by 21 DAT as the number of 
open flowers per plant increased at this time (Figure 8). 
Marigold Visible injury increased in time with 
increasing rates for both herbicides (Table 4). Initial 
injury symptoms consisted of slight flower stem epinasty and 
marginal frilling of the small leaflets produced just prior to 
flower stem elongation. As time progressed, plants receiving 
more than 50 g ha"' appeared wilted. Callus and aerial roots 
formed on the stems of plant receiving 125 g ha"' of 2,4-D and 
100 g ha"' or more for triclopyr. Plant receiving triclopyr 
also produced callus on the flower stem near the base of the 
flowers. 
Occassionally plants receiving the highest herbicide 
rates had disfigured flowers because of a split in the fused 
sepals. However, flower development was not significantly 
affected by the herbicides (Appendix Table 12). 
Difference between fresh and dry weights as a percentage 
of the control averaged 21% (data not shown). Visual 
observations indicated that this small difference was 
primarily due to the callus and aerial root formation which 
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more than tripled the stem diameter. 
Impatiens Impatiens were quite tolerant to both 
herbicides. Less than 10% injury occurred for all treatments. 
Injury symptoms consisted of slight nodal swelling, leaf tip 
curling on the youngest leaves, and knobby protrusions at 
nodal areas. The protrusions were only observed with the 
125 g ha"' rates. Initially, branches were relaxed to almost a 
horizontal position as if the plants were water stressed. 
However, by 7 DAT plants appeared normal. 
The number of open flowers initially decreased, but by 
7 to 14 DAT flowering appeared normal (Figure 8). Plant dry 
weights were reduced less than 10% in comparison to untreated 
controls (data not shown). 
Implications of Results This study clearly 
illustrates that annual flowers differ in sensitivity to 2,4-D 
and triclopyr. Petunias are more sensitive to triclopyr than 
2,4-D, marigolds are moderately sensitive to both herbicides, 
and impatiens are moderately tolerant to both herbicides. 
Complaints concerning herbicide drift to non-target 
plants in the landscape are usually based on visual injury 
symptoms. This study indicates that injury can occur in the 
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form of reduced flower production and decreased asthetics 
because of callus formation even in the absence of foliar 
symptoms, especially with impatiens. Therefore, herbicide 
drift allegations need to be carefully examined, especially 
when annual flowers are subjected to herbicide drift at an 
early flowering stage, because visual diagnosis of the extent 
of injury will be difficult. 
Table 2. Inflorescences initiated by Petunia, Marigold, and 
Impatiens and dry weights as affected by 2,4-D and 
triclopyr' 
Herbicide 
Rate 2,4-D Triclopyr Mean 
Flowers g ha"' % of control 
25 79 74 77 a 
50 86 67 77 a 
100 77 34 56 b 
125 59 43 51 b 
Mean 75 a 54 b 
Dry Weight g ha"' % of control 
25 104 92 98 a 
50 97 85 91 ab 
100 93 74 84 b 
125 87 77 82 b 
Mean 95 a 82 b 
* Means within a column or row followed by the same letter do 
not differ significantly at the 0.05 probablility level 
using LSD comparisons. 
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Figure 8. Effect of 2,4-D and triclopyr on the flowering 
of petunia (A), marigold (B) , and impatiens (C) 
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Figure 9. Effect of 2,4-D and triclopyr on the flowering 
of petunia (A), marigold (B) , and impatiens (C) 
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Table 3. Visual injury to petunia as affected by 2,4-D and 
triclopyr* 
Herbicide Rate 7 DAT 14 DAT 21 DAT 28 DAT 
g ha"' % of control 
2,4-D 25 12 b 17 b 15 b 10 b 
50 16 ab 18 b 22 ab 15 b 
100 18 ab 22 b 18 ab 13 b 
125 23 a 40 a 32 a 38 a 
g ha"' % of control 
Triclopyr 25 15 b 21 b 32 b 33 b 
50 18 b 42 b 35 b 43 b 
100 30 a 48 b 75 a 85 a 
125 28 a 58 a 83 a 95 a 
* Means within a column followed by the same letter do 
not differ significantly at the 0.05 probablility level 
using LSD comparisons for each herbicide. 
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Table 4. Visual injury to marigold as affected by 2,4-D and 
triclopyr' 
Herbicide Rate 7 DAT 14 DAT 21 DAT 28 DAT 
g ha"' % of control 
2,4-D 25 7 ab 6c 16 a 18 b 
50 5b 17 be 10 a 10 b 
100 7 ab 22 ab 27 a 37 ab 
125 20 a 32 a 37 a 56 a 
g ha"' % of control 
Triclopyr 25 6b 15 b 16 c 14 b 
50 8b 13 b 20 c 25 b 
100 13 b 22 b 37 b 32 b 
125 38 a 60 a 63 a 73 a 
" Means within a column followed by the same letter do 
not differ significantly at the 0.05 probablility level 
using LSD comparisons for each herbicide. 
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GENERAL SUMMARY 
Herbicide spray drift to non-target plants is a concern 
whenever an application is made, especially in urban areas 
where high-value crops and landscape plants are concentrated. 
Broadleaf herbicide applications with the lawn spray gun 
reduced the potential for spray drift in comparison to RA-6 
raindrop nozzles or XR 8004 flat fan nozzles at the windspeeds 
observed in this study. However, injury to non-target plants 
less than 90 cm from the spray swath edge can occur because of 
accidental spray contact. 
The greatest spray drift occurred with the flat fan 
nozzles. Significant injury occurred to tomato plants at all 
distances although injury decreased with increasing distance 
from the edge of the spray swath. Spray drift from the 
raindrop nozzles was similar to the lawn gun for distances 
beyond 90 cm from the spray swath indicating that this nozzle 
could be used to apply broadleaf herbicides as long as a 90 to 
150 cm nonsprayed buffer is used. 
Spray recovery within the spray swath showed that amount 
recovered in crystallizing dishes was close to the theoretical 
spray volumes even though coefficient of variation values were 
above the recommended 15%. These results indicate that spray 
uniformity was less than optimum and that different areas of 
the spray swath were not receiving the same amount of spray 
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solution. 
Spray recovery on turfgrass samples showed that little of 
the applied solution remained on the vegetation. The greatest 
retention occurred with the flat fan nozzles, while the least 
retention was with the lawn spray gun. These results suggest 
that spray retention on foliage with the lawn spray gun may 
limit the amount of foliar herbicide uptake. 
simulated spray drift studies showed that annual flowers 
responded differently to low concentrations of 2,4-D and 
triclopyr. The order for species sensitivity was petunia > 
begonia = marigold = pansy = statice > geranium = impatiens = 
vinca = salvia. The screening study indicated that 
appications at rates less than 128 g ha"' did not produce 
pronounced injury. 
Herbicide applications to marigolds showed that repeat 
applications of low rates of 2,4-D and triclopyr had an 
additive injury effect. This indicates that repeated exposure 
to rates such as 32 g ha"' of 2,4-D or triclopyr would cause 
the same damage as single exposure to 64 g ha"' of the same 
herbicide. 
The comparison study showed that applications of 2,4-D or 
triclopyr at rates of 125 gm ha"' or less can injure mature 
annual flowers by reducing the number of flowers produced even 
though foliage injury symptoms do not occur. The greatest 
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effect occurred with petunias while impatiens demonstrated 
little reduction in flowering. Marigold response to herbicide 
applications primarily consisted of callus and aerial root 
formation. These results suggest that 2,4-D and triclopyr 
drift allegations concerning mature annual flowers need to be 
carefully examined because diagnosis will be insufficient if 
only done visually. 
118 
LITERATURE CITED 
Adams, A.J., A.C. Chappie, and F.R. Hall. 1990. Droplet 
spectra for some agricultural fan nozzles, with respect 
to drift and biological efficiencey. p. 156-169. In 
L.E. Bode , J.L. Hazen, and D.G. Chasin, Eds., Pesticide 
Formulations and Application Systems; 10th vol. ASTM STP 
1078, Am. Soc. Testing Mat., Philadelphia PA. 
Ahmad, S., I.A. Khan, B.A. Siddiqui, and B.A. Zaidi. 1984. 
Nonlethal effects of 2,4-D on chrysanthemum. Acta 
Bot. Indica 12:86-88. 
Akesson, N.B. and R.E. Gibbs. 1990. Pesticide drop size as a 
function of spray atomizers and liquid formulations, p. 
170-183. In L.E. Bode , J.L. Hazen, and D.G. Chasin, 
Eds., Pesticide Formulations and Application Systems; 
10th vol. ASTM STP 1078, Am. Soc. Testing Mat., 
Philadelphia PA. 
Akesson, N.B., and W.E. Yates. 1964. Problems relating to 
application of agricultural chemicals and resulting 
residues. Ann. Rev. Entom. 9;285-291. 
Akesson, N.B., and W.E. Yates. 1973. Research and 
development of chemical distribution equipment for 
agricultural aircraft in California. J. R. Aeron. 
Soc., 67;760-767. 
Akesson, N.B., and W.E. Yates. 1986. Development of drop 
size-frequency analysis of sprays used for pesticide 
applications, p. 83-93. In T.M. Kaneko and L.D. 
Spicer, Eds., Pesticide Formulations and Application 
Systems; 5th vol. ASTM STP 915, Am. Soc. Testing 
Mat., Philadelphia PA. 
Akesson, N.B. and W.E. Yates. 1989. Pesticide deposit and 
activity as a function of spray atomizers and liquid 
formulation, p. 2081-2090. In V.A. Dodd and P.M. 
Grace, eds., Proc. 11th Internat. Cong. Agric. Engng., 
Dublin, Ireland. 
Anderson, N.H., and J.D. Hall. 1984. Surfactants, droplet 
formation and spray retention, p. 221-229. In Brit. 
Crop Prot. Counc. Monog. No. 28 - Symposium on 
application and biology, BCPC Pub., Farnham, Surray UK. 
119 
Anderson, N.H., J.D. Hall, and N.M. Western. 1983. The role 
of dynamic surface tension in spray retention, p. 
576-577. In Proc. 10th Internat. Cong. Plant Prot., 
Brighton Metropole, Brighton, UK, BCPC Pub., 
Croydon, UK. 
Arnold, A.C. 1983. Comparative droplet size spectra for 
three different angled flat fan nozzles. Crop Prot. 
2(2);5. 
Azimi, A.H., T.G. Carpenter, and D.L. Reichard. 1985. Nozzle 
spray distribution for pesticide application. Trans. Am. 
Soc. Agric. Eng. 28(5): 1410-1414. 
Bengtsson, A. 1961. The influence of droplet size on the 
effect of weedkillers. Vaxtodling 17:1-149. 
Betts, M. and R. Ashford. 1976. The effect of 2,4-D on 
rapeseed. Weed Sci. 24(4); 356-360. 
Bintner, D.W., S.E. Conrad, and R.W. Tate. 1977. Effect of 
nozzle positioning on spray deposit uniformity. Am. Soc. 
Agric. Eng. Paper No. 77-1038, St. Joseph, MI. 
Bode, L.E. 1991. The three D's: droplet size, deposits and 
drift. Proc. West. Soc. Weed Sci. 44:8-14. 
Bode, L.E., and B.J. Butler. 1983. Spray charactersticis of 
rotary atomizers, p. 89-104. In K.G. Seymour, Ed., 
Pesticide Formulations and Application Systems: 2nd vol. 
ASTM STP 795, Am. Soc. Testing Mat., Philadelphia PA. 
Bode, L.E., B.J. Butler, and C.E. Goering. 1976. Spray drift 
and recovery as affected by spray thickener, nozzle type 
and nozzle pressure. Trans. Am. Soc. Agric. Eng. 
19(2):213-218. 
Bode, L.E., B.J. Butler, S.L. Pearson, and L.F. Bouse. 1983. 
Characteristics of the Micromax rotary atomizer. Trans. 
Am. Soc. Agric. Engrs. 26:999-1005. 
Bode, L.E., M. Andersson, and L. Wax. 1992. The performance 
of air-assist nozzles, p. 71-75. In Proc. 111. 
Agric. Pest. Conf., Urbana-Champaign, IL, Jan 8-10., 
Univ. 111. Coop. Ext. Serv. and 111. Nat. Hist. 
Surv. 
120 
Bode, L.E., and S.B. Md. Zain. 1987. Spray drift deposits 
from low volume application using oil and water 
carriers, p. 93-103. In G.B. Beestman and D.I.B. 
Vander Hooven, Eds., Pesticide Formulations and 
Application Systems: 7th vol. ASTM STP 968, Am. Soc. 
Testing Mat., Philadelphia PA. 
Bouse, L.F. and J.B. Carlton. 1985. Factors affecting size 
distribution of vegetable oil spray droplets. Trans. Am. 
Soc. Agric. Eng. 28 (5): 1068-1073. 
Bouse, L.F., J.B. Carlton, and M.G. Merkle. 1976. Spray 
recovery from nozzles designed to reduce drift. Weed 
Sci. 24:361-365. 
Bouse, L.F., J.B. Carlton, and P.C. Jank. 1988. Effect of 
water soluble polymers on spray droplet size. Trans. Am. 
Soc. Agric. Eng. 31(6) : 1633-1641, 1648. 
Brandenberg, B.C. 1974. Raindrop® drift reduction spray 
nozzle. Am. Soc. Agric. Eng. Paper No. 74-1595. Am. Soc. 
Agric. Eng., St. Joseph, MI. 
British Crop Protection Council Working Party. 1983. 
Susceptibility of crop plants to very low doses of 
herbicide. p. 13-22. In J.G. Elliott and B.J. Wilson, 
Eds., The influence of weather on the efficiency and 
safety of pesticide application: the drift of herbicides. 
Brit. Crop Prot. Counc. Occas. Pub. No. 3, BCPC 
Publications, Croydon, UK. 
Brooks, F.A. 1947. The drifting of poisonous dusts applied 
by airplane and land rigs. Agric. Engnrg. 28:233-
244. 
Burt, E.C. and D.B. Smith. 1974. Effects of droplet size on 
deposition of ULV spray. J. Econ. Ent. 67:751-754. 
Butler, B.J., N.B. Akesson, and W.E. Yates. 1969. Use of 
spray adjuvants to reduce drift. Trans. Am. Soc. 
Agric. Engrs. 12 (1): 182-186. 
Byass, J.B. and J.R. Lake. 1977. Spray drift from a tractor-
powered field sprayer. Pestic. Sci. 8(2): 117-126. 
121 
Clipsham, I.D. 1980. The influence of target area on the 
variability of spray deposits, p. 133-138. In J.O. 
Walker, Ed., BCPC Monog. No. 24 - Spraying Systems for 
the 1980's., BCPC Pub., Farnham, Surrey UK. 
Glower, J.P., H.R. Mitchell, D.F. Glower, D.G. Rester, and 
J.B. Graves. 1982. Ultra-low-volume application of 
insecticides in vegetable oil. Louisiana Agric. 
25(4):22-24. 
Gombellack, J.H. 1981. An assessment of the problems of 
efficiently spraying herbicides on to weeds in cropped 
areas. Proc. 6th Austral. Weeds Conf. 1:93-97. 
Gombellack, J.H. 1982. Loss of herbicides from ground 
sprayers. Weed Res. 22:193-204. 
Gombellack, J.H. 1984. Herbicide application: a review of 
ground application techniques. Crop Prot. 3:9-34. 
Gombellack, J.H. and G.A. Matthews. 1981a. The influence of 
atomizer, pressure and formulation on the droplet spectra 
produced by high volume sprayers. Weed Res. 21:77-86. 
Gombellack, J.H. and G.A. Matthews. 1981b. Droplet spectra 
measurements of fan and cone atomisers using a laser 
diffraction technique. Aerosol Soi. 12:529-540. 
Gombellack, J.H. and L. Andrews. 1984. Laboratory test on 
some nozzles used to apply herbicides by boom 
sprayers in Australia. Austral. Weeds 3(3):90-93. 
Cooke, B.K. and E.G. Hislop. 1987. Novel delivery systems 
for arable crop spraying - deposit distribution and 
biological activity. Aspects of Appl. Biol., 
Wellesbourne, Warwick: The Assoc. Appl. Biol. 14:53-
70. 
Courshee, R.J. 1959. Investigations on spray drift. Part II. 
The occurence of drift. J. Agric. Engng. Res. 4:229-242. 
Gouts, H.H. and W.E. Yates. 1968. Analysis of spray droplet 
distribution from agricultural aircraft. Trans. Am. Soc. 
Agric. Engrs. ll(l):25-27. 
Dabbs, D.H. and D.E. Forsberg. 1957. Effect of 2,4-D on 
tomatoes. Res. Rep. Nat. Weed Comm. (Canada) West Sect., 
11: 107-108. 
122 
Dempsy, C.R., J.H. Combellack, and R.G. Richardson. 1985. 
The effect of nozzle type and 2,4-D concentration on 
spray collection by wheat and weeds, p. 235-240. 
In Brit. Crop Prot. Counc. Monog. No. 28 - Symposium 
on application and biology, BCPC Pub., Farnham, 
Surrey UK. 
Dombrowski, N. 1961. Some flow characteristics of single-
orifice fan spray nozzles. J. Agric. Engng. Res. 6:37-
44. 
Dorman, R.G. 1952. The atomization of liquid in a flat 
spray. Brit. J. Appl. Phys. 3(6):189-192. 
Eckermann, C. 1990. Pesticide drift: a problem in Iowa? 
p. 43-45. In Proc. 1990 Crop Prod, and Prot. 
Conf., Dec 18-19, Schemann Bldg., ISU Ames, lA. 
Edwards, C.J. and W.E. Ripper. 1953. Droplet size, rates of 
application and the avoidance of drift, p. 348-367. In 
Proc. 2nd Brit. Weed Control Conf., Brighton Metropole, 
Brighton, UK, BCPC Pub., Croydon, UK. 
Feucht, J.R. 1988. Herbicide injuries to trees - symptoms 
and solutions. J. Arbor. 14(9):215-219. 
Ford, R.J. 1984. Comparative evaluation of three 
experimental drift control devices. Can. Agric. 
Eng. 26:97-99. 
Ford, R.J. 1986. Field trials of a method for reducing drift 
from agricultural sprayers. Can. Agric. Eng. 
28(2):81-83. 
Ford, C.L. and C.G.L. Furmidge. 1967. Impact and spreading 
of spray drops on foliar surfaces, p. 417-432. In 
Society of Chemical Industry, Monograph No. 25., 
Soc. Chem. Ind., London, UK. 
Frost, K.R., and G.W. Ware. 1970. Pesticide drift from 
aerial and ground applications. Agric. Engng. 
51(8):460-464. 
Gilbert, A.J. and G.J. Bell. 1988. Evaluation of the drift 
hazards arising from pesticide spray application. 
Aspects of Appl. Biol., Wellesbourne, Warwick: The Assoc. 
Appl. Biol. 17(Pt.l):363-376. 
123 
Goering, C.E. and B.J. Butler. 1975. Paired field studies of 
herbicide drift. Trans. Am. Soc. Agric. Eng. 18(1):27-
34. 
Goering, C.E., L.E. Bode, and M.R. Gebhardt. 1972. 
Mathematical modelling of spray droplet deceleration and 
evaporation. Trans. Am. Soc. Agric. Engrs. 15(2):220-
225. 
Gohlich, H. 1983. A comment on the problem of drift. 
Gesunde-Pflanzen. 35(12):345-347. 
Gohlich, H. 1985. Deposition and penetration of sprays, p. 
173-182. In Brit. Crop Prot. Counc. Monogr. No. 28., 
Symposium on Application and Biology., BCPC Pub., 
Farnham, Surrey UK. 
Gohlich, H., and Z. Selcan. 1982. Residual droplet formation 
from crop protection sprayers. Grunlagen Landtechnik 
32(4):37-49. 
Gratkowski, H. 1974. Herbicidal drift control; Aerial spray 
equipment, formulations, and supervision. USDA For. Ser. 
Gen. Tech. Rep. PNW-14. Pac. NW For. & Range Exp. Stat., 
Portland, OR. 
Gratkowski, H. and R. Stewart. 1973. Aerial spray adjuvants 
for herbicidal drift control. USDA For. Serv. Gen. Tech. 
Rep PNW-3, Pacific Northwest Forest and Range Exp. Sta., 
Portland OR. 
Greenshields, J.E.R. and E.D. Putt. 1958. The effect of 
2,4-D spray drift on sunflowers. Can J. Plant Sci. 
38:234-240. 
Greenshields, J.E.R. and W.J. White. 1954. The effect of 
2,4-D spray drift on sweet clover plants in the 
record year of growth. Can. J. Agric. Sci. 34:389-
392. 
Grover, R. , L.A. Kerr, J. Maybank, and K. Yoshida. 1978. 
Field measurement of droplet drift from ground 
sprayer. I. Sampling, analytical and data 
integration techniques. Can. J. Plant Sci. 58:611-
6 2 2  .  
Grover, R., J. Maybank, and K. Yoshida. 1972. Droplet and 
vapour drift from butyl ester and dimethylamine salt of 
2,4-D. Weed Sci. 20:320-324. 
124 
Guzman, V.L. 1956. Volatility and drift of 2,4-D as a cause 
of damage to untreated sensitive plants. Soil and 
Crop Sci. Soc. of Fla. Proc. 16:283-293. 
Haq, K., N.B. Akesson, and W.E. Yates. 1983. Analysis of 
droplet spectra and spray recovery as a function of 
atomizer type and fluid physical properties, p. 67-82. 
In T.M. Kaneko and N.B. Akesson, Eds., Pesticide 
Formulations and Application Systems: 3rd vol. ASTM ST? 
828, Am. Soc. Testing Mat., Philadelphia PA. 
Hemphill, D.D. and M.L. Montgomery. 1981. Response of 
vegetable crops to sublethal applications of 2,4-D. Weed 
Sci. 29:632-635. 
Holly, K. 1954. Morphological effects on plants due to 
damage by growth-regulator weed-killers. Plant 
Path. 3(1):1-5. 
Hurto, K.A. 1988. Spectral analysis of spray drolets 
generated by the chemlawn spray gun used to apply 
pesticides to lawns. Proc. NE Weed Sci. Soc. 
42:164-165. 
Jegatheeswaran, P. 1978. Factors concerning the penetration 
and distribution of drops in low growing crops, p. 91-
99. In Brit. Crop Prot. Counc. Monogr. 22, Symposium on 
controlled droplet application, BCPC Pub., Farnham, 
Surrey UK. 
Johnstone, D.R. 1973. Spreading and retention of 
agricultural sprays in foliage, p. 343-386. In 
Pesticide Formulations, Marcel Dekker, New York. 
Johnstone, D.R., C.H. Rendell, and J.A. Sutherland. 1977a. 
The short-term fate of droplets of coarsee aerosol 
size in ultra-low insecticide application on to a 
tropical field crop. J. Aerosol Sci. 8:395-407. 
Johnstone, D.R., C.H. Rendell, and J.A. Sutherland. 1977b. 
Note on the movement of insecticide droplets through and 
out of a crop canopy after emission below canopy level. 
J. Aerosol Sci. 8:387-394. 
Kaupke, C.R., and W.E. Yates. 1966. Physical properties and 
drift characteristics of viscosity-modified agricultural 
sprays. Trans. Am. Soc. Agric. Eng. 9(6):797-799, 802. 
125 
Krishnan, P., A. Velasco, T.H. Williams, and L.J. Kemble. 
1989. Spray pattern displacement measurements of 
TK-SS2.5 flood tip nozzles. Trans. Am. Soc. Agric. 
Engrs. 32(4): 1173-1176. 
Krishnan, P., J. Herrera, L.J. Kemble, and S. Gottfried. 
1990. Effect of sprayer bounce and wind condition 
on spray pattern displacement of two agricultural 
nozzles. p. 226-235. In L.E. Bode, J.L. Hazen, 
and D.G. Chasin, Eds., Pesticide Formulations and 
Application Systems: 10th vol. ASTM STP 1078, Am. 
Soc. Testing Mat., Philadelphia PA. 
Krishnan, P., T. Williams, L.J. Kemble, and S. Gottfried. 
1988. Spray pattern dispacement measurements of 
8004 and XR8004 fan nozzles using spray table. 
Trans. Am. Soc. Agric. Engrs. 31(6); 1660-1663. 
Langston, J.M. 1973. An analysis of spray distributions for 
ground application of post emergence herbicides. Am. 
Soc. Agric. Eng. Paper No. 73-1574. Chicago, IL. 
Lake, J.R. 1977. The effect of drop size and velocity on the 
performance of agricultural sprays. Pestic. Sci. 8:515-
520. 
Leino, P.W. and L.C. Haderlie. 1985. Simulated herbicide 
drift injury in potatoes. Proc. West. Soc. Weed 
Sci. 38:93-98. 
Liljedahl, L.A. 1971. Effects of fluid properties and nozzle 
parameters on drop size distribution from fan spray 
nozzles. Ph.D. Thesis, Iowa State University, Ames, 
Iowa. 
Linn, M.B., F.W. Slife, and B.J. Butler. 1959. Prevent 2,4-D 
injury to crops and ornamental plants. 111. Agric. Ext. 
Serv. Cir. 808. 
Maybank, J. 1987. Pesticide application technologies, p. 
243-248. In R. Greenhalgh and T.R. Roberts, Eds., 
Proc. 6th lUPAC Cong, of Pest. Chem., Blackwell 
Scientific Pub., Oxford Eng. 
Maybank, J., and K. Yoshida. 1973. Droplet deposition and 
drift from herbicide sprays - analysis of the 1973 
ground-rig trials. Physics Div. , Saskatchewan Res. 
Counc. Rep. No. p73-16. 
126 
Maybank, J., and R. Grover. 1988. Testing the effectiveness 
of reduced rate herbicide applicators. Aspects of 
Appl. Biol., Wellesbourne, Warwick: The Assoc. Appl. 
Biol. 17(Pt l):331-339. 
Maybank, J., K. Yoshida, and R. Grover. 1974. Droplet size 
spectra, drift potential and ground deposition pattern of 
herbicide sprays. Can. J. Plant Sci. 54:541-546. 
Maybank, J., K. Yoshida, and R. Grover. 1978. Spray drift 
from agricultural pesticide applications. Air 
Pollut. Control Assoc. J. 28 (10): 1009-1014. 
Maybank, J., S.R. Shewchuk, and K. Wallace. 1990. The use of 
shielded nozzles to reduce off-target herbicide spray 
drift. Can. Agric. Engrng. 32 (2):235-241. 
McNulty, J.J., G.W. Anderson, and G.R. Stephenson. 1977. 
Evaluation of low pressure nozzles and Nalco-Trol for 
reducing herbicide drift with 2,4-D. p. 316. Can. Weed 
Counc. Res. Rep. 
Merritt, C.R. 1989. Evaluation of operator exposure and 
spray displacement with hand-operated herbicide 
application systems. Proc. Brighton Crop Prot. 
Conf. - Weeds. 2:623-630. 
Miller, P.C.H. 1987. Spray application technology. Agric. 
Engnr. 42(3):77-84. 
Miller, P.C.H. 1988. Engineering aspects of spray drift 
control. Aspects of Appl. Biol., Wellesbourne, Warwick: 
The Assoc. Appl. Biol. 17:(Pt.l) 377-384. 
Miller, P.C.H., C.J. Mawer, and C.R. Merritt. 1989. Wind 
tunnel studies of the spray drift from two type of 
agricultural spray nozzle. Aspects of Appl. Biol., 
Wellesbourne, Warwick: The Assoc. Appl. Biol. 21:237-238. 
Miller, P.C.H., C.R. Tuck, A.J. Gilbert, and G.J. Bell. 1991. 
The performance characteristics of a twin-fluid nozzle 
sprayer. p. 97-106. In Monogr. No. 46, Air-Assisted 
Spraying in Crop Protection, Brit. Crop Prot. Counc., 
BCPC Pub., Farnham, Surrey Uk. 
Miller, P.C.H. and D.J. Hadfield. 1989. A simulation model 
of the spray drift from hydraulic nozzles. J. 
Agric. Engng. Res. 42:135-147. 
127 
Mullison, W.R. 1949. The volatility of several salts and 
esters of 2,4-D as determined by the response of tomato, 
bean, and cotton plants. Proc. Am. Soc. Hort. Sci. 
53:281-290. 
Murray, J.A. and L.M. Vaughn. 1970. Measuring pesticide 
drift at distances to four miles. J. Appl. Meterol. 
9:79-85. 
Nation, H.J. 1980. The performance and stability of boom 
sprays, p. 145-158. In J.O. Walker, Ed., Brit. Crop 
Prot. Counc. Monog. No. 24 - Spraying Systems for the 
1980's., BCPC Pub., Farnham, Surrey UK. 
Nordby, A., and R. Skuterud. 1975. The effect of boom 
height, working pressure and wind speed on spray 
drift. Weed Res. 14 (6): 385-395. 
Ogg, A.G. Jr., M.A. Ahmedullah, and G.M. Wright. 1991. 
Influence of repeated applications of 2,4-D on yield and 
juice quality of concord grapes (Vitis labruscana). Weed 
Sci. 39 (2) :284-295. 
Oyer, E.B. and O.C. Lee. 1950. Response of soybeans (Lincoln 
variety) to post-emergence spray of 2,4-D. N. Cent. Weed 
Contr. Conf. Res. Rep. 7:122-123. 
Pimentel, D. and L. Levitan. 1986. Pesticides: Amounts 
applied and amounts reaching pests. Bioscience 
36(2):86-91. 
Renne, D.S. and M.A. Wolf. 1979. Experimental studies of 
2,4-D herbicide drift characteristics. Agric. 
Meteor. 20:7-2 0. 
Rice, B. 1967. Spray distribution of ground crop sprayers. 
J. Agric. Engng. Res. 12:173-177. 
Richardson, R.G. 1987. Effect of drop trajectory on spray 
deposits on crop and weeds. Plant Prot. Quart. 2(3):108-
111. 
Robbins, W.A. and W.S. Taylor. 1957. Injury to canning 
tomatoes caused by 2,4-D. Proc. Am. Soc. Hort. Sci. 
70:373-378. 
128 
Rogers, R.B. 1988. Shrouded sprayer; advantages in field 
application systems, p. 242-253. Jn D.A. Hovde and G.B. 
Beetsman, Eds., Pesticide Formulations and Application 
Systems: 8th vol. ASTM STP 980, Am. Soc. Testing Mat., 
Philadelphia PA. 
Rogers, R.B. and R.J. Ford. 1985. The windproof sprayer: its 
progress and prospects. Agric. Engrng. 6(11):11-13. 
Ross, M.A. and C.A. Lembi. 1985. Applied Weed Science. 
Burgess Publ. Co., Minn., MN. 
Rutherford, I., G.J. Bell, J.B.S. Freer, P.J. Herrington, and 
P.C.H. Miller. 1989. An evaluation of chemical 
application systems. Brighton Crop Prot. Conf.-Weeds. 
2:601-613. 
Schweitzer, E.E. 1978. Response of sugarbeets (Beta 
vulgaris) to sublethal rates of 2,4-D. Weed Sci. 
26:629-631. 
Scoresby, J.R. and J.D. Nalewaja. 1982. 2,4-D drift with the 
controlled droplet applicator and flat fan. Proc. N. 
Cen. Weed Con. Conf. Indianapolis, IN. 38:8. 
Smith, D.B. and E.C. Burt. 1970. Effects of the size of ULV 
droplets on deposits within cotton foliage both inside 
and immediately downwind from a treated swathe. J. Econ. 
Ent. 63:1400-1405. 
Smith, D.B., E.C. Burt, and F.J. Benci. 1970. Design of a 
spinning disc, droplet separator and the determination of 
a size and density of droplets deposited on cotton 
foliage. Trans. Am. Soc. Agric. Eng. 13(5): 664-668. 
Smith, D. B., F. D. Harris, and C.E. Goering. 1982. 
Variables affecting drift from ground boom sprayers. 
Trans. Am. Soc. Agric. Eng. 25 (6): 1499-1503. 
Smith, D. B., F. D. Harris, and B. J. Butler. 1982. Shielded 
sprayer boom to reduce drift. Trans. Am. Soc. Agric. 
Eng. 25(5):1136-1140, 1147. 
Smith, L.L. and J. Geronimo. 1984. Response of seven crops 
to foliar applications of six auxin-like herbicides. 
Down To Earth. 40(2):25-32. 
129 
Sparks, B.D., A. Sundaram, L. Kotlyar, J.W. Leung, and R.D. 
Curry. 1988. Physicochemical properties deposition 
pattern of some newtonian spray mixtures of glyphosate 
containing two spray modifier adjuvants. J. Envir. Sci. 
Health, B23(3):235-266. 
Stephenson, G.R., P. Ellise, P.O. Desai, and L.R. Curtis. 
1977. Evaluation of low pressure nozzles and Nalco-
Trol for reducing herbicide drift in roadside 
spraying. Weed Sci. Soc. Am. Abstr. 116:59. 
Sundaram, A., K.M.S. Sundaram, J.W. Leung, S.B. Holmes, and 
B.L. Cadogan. 1987. Influence of physical 
properties on droplet size spectra and deposit 
patterns of two mexacarbate formulations, following 
spray application under laboratory and field 
conditions. Pest. Sci. 20:179-191. 
Taylor, W.A., P.G. Anderson, and S. Cooper. 1989. The use of 
air assistance in a field crop sprayer to reduce drift 
and modify drop trajectories. Proc. Brighton Crop Prot. 
Conf. - Weeds. 2:631-639. 
Trayford, R.S. and L.W. Welch. 1977. Aerial spraying: a 
simulation of factors influencing the distribution and 
recovery of liquid droplets. J. Agric. Engnrg. Res. 
22:183-196. 
von Rumker, R. 1975a. Production, distribution, use and 
environmental impact potential of selected pesticides. 
EP 5.2;P94/975. Washington, DC: U.S. Environmental 
Protection Agency: Office of Pesticide Programs. 
von Rumker, R. 1975b. A study of the efficiency of the use 
of pesticides in agriculture. EPA-540/9-75-025. 
Washington, DC: U.S. Environmental Protection 
Agency, Office of Pesticide Programs. 
Ware, G. E., W. P. Cahill, P. D. Gerhardt, and J. M. Witt. 
1983. Reducing pesticide application drift-losses. 
Tucson, AZ: Cooperatives Extension Service, University of 
Arizona. 
Way, J.M. 1962. The effects of sublethal doses of MCPA on 
the morphology and yield of vegetable crops. I. 
Lettuce. Weed Res. 2:233-246. 
130 
Way, J.M. 1963a. The effects of sublethal doses of MCPA on 
the morphology and yield of vegetable crops. II. 
Cabbage, cauliflower and Brussels sprouts. Weed 
Res. 3:11-25. 
Way, J.M. 1963b. The effects of sublethal doses of MCPA on 
the morphology and yield of vegetable crops. III. 
Carrots and parsnips. Weed Res. 3:98-105. 
Way, J.M. 1963c. The effects of sublethal doses of MCPA on 
the morphology and yield of vegetable crops. IV. 
French and broad beans. Weed Res. 3:312-321. 
Way, J.M. 1964a. The effects of sublethal doses of MCPA on 
the morphology and yield of vegetable crops. V. 
Beet, spinach, turnip, and onion. Weed Res. 4:12-
23. 
Way, J.M. 1964b. Comparison with 2,4-D, 2,4,5-T, mecoprop 
and TBA. Weed Res. 4:319-337. 
Western, N.M., B.C. Hislop, P.J. Herrington, and E.I. Jones. 
1989. Comparative drift measurements for BCPC reference 
hydraulic nozzles and for an airtec twin-fluid nozzle 
under controlled conditions. Proc. Brighton Crop Prot. 
Conf. - Weeds. 2:641-647. 
Williamson, R.E. and E.D. Threadgill. 1974. A simulation for 
the dynamics of evaporating spray droplets in 
agricultural spraying. Trans. Am. Soc. Agric. Eng. 
17(2):254-261. 
Wolf, R. and L. Bode. 1993. Techniques for reducing spray 
drift, p. 22-28. In Proc. 111. Agric. Pest. Conf., 
Urbana-Champaign, IL, Jan 6-7., Univ. 111. Coop. 
Ext. Serv. and 111. Nat. Hist. Surv. 
Yarish, W. 1979. A Field Guide to Recognising Herbicide 
Action and Injury. Alberta Agriculture, Alberta, 
Canada. 
Yates, W.E. 1985. Drop size spectra from low drift systems, 
p. 22. Am. Soc. Agric. Eng. Pap. No. AA85-002, St. 
Joseph, MI. 
Yates, W.E., N.B. Akesson, and D.E. Bayer. 1976. Effects of 
spray adjuvants on drift hazards. Trans. Am. Soc. Agric. 
Eng. 19(l):41-46. 
131 
Yates, W.E., N.B. Akesson, and D.E. Bayer. 1978. Drift of 
glyphosate sprays applied with aerial and ground 
equipment. Weed Sci. 26(6); 597-604. 
Yates, W.E., N.B. Akesson, and R.E. Cowden. 1984. 
Measurement of drop size frequency from nozzles used 
for aerial applications of pesticides in forests, 
p. 95-115. In Willa Y. Garner and John Harvey Jr., 
Eds., Chemical and Biological Controls in Forests, 
Am. Chem. Soc. Symp. Series #238, Washington, D.C. 
Yates, W.E., N.B. Akesson, and R.E. Cowden. 1985a. Drop size 
spectra from nozzles in high-speed airstreams. Trans. 
Am. Soc. Agric. Eng. 28 (2): 405-410, 414. 
Yates, W.E., R.E. Cowden and N.B. Akesson. 1985b. Effects of 
Nalco-Trol on atomization. p. 1-37. USDA Forest Service, 
For. Pest Mngmt. Rep., FPM-85-2, Davis, CA. 
Young, B.W. 1990. Droplet dynamics in hudraulic nozzle spray 
clouds. p. 142-155. In L.E. Bode , J.L. Hazen, and D.G. 
Chasin, Eds., Pesticide Formulations and Application 




There are many people who have assisted me throughout my 
duration at Iowa State University. I will not attempt to list 
all of them, because I know I will accidently omit someone. 
I would like to thank my major professors Dr. Micheal D. 
K. Owen and Dr. Nick E. Christian, for all their support, 
encouragement, guidance and patience. I am especially 
grateful to Dr. Owen for his assistance in keeping me focused 
on the attainment of this degree. 
I am also grateful to my committee members, Drs. Michael 
Agnew, James Baker, and Richard Fawcett for their useful 
discussions, suggestions, and willingness to help. 
My thanks to the Iowa Turfgrass Institute for their 
monetary donation so that I could purchase a digital 
fluorometer and the Lesco Corp. for their donation of a lawn 
spray gun. 
I would like to thank all the members of the Weed Science 
group for their time, assistance, and friendship. Jim Lux and 
Eric Franzenburg provided help whenever it was possible. I am 
especially appreciative of the help by Madonna Bradford during 
many of those boring hours in the laboratory. 
Sincere appreciation is extended to Dr. Paul Hinz for his 
guidance and assistance with the statistical analysis. 
My thanks to the numerous friends, colleagues and fellow 
noon hour basketball players that have always had the time to 
listen and were willing to help or at least provide some 
needed distractions. 
I would like to give special thanks to my mother, Evaline 
Hatterman and my two sisters, Karla and Marcha. I am very 
grateful for their encouragement and support and will always 
be indebted to them. 
A very special thanks needs to be extended to my husband 
Steve and our three children, Justin, Nathan, and Erin. 
Without Steve's help I would not have completed my work. All 
have had to make sacrifices, especially Steve, so that I could 
achieve my goal. I can not truly describe my gratitude. 
133 
APPENDIX 
Table 1. Analysis of variance for spray drift on mylar 
Source of 
variation 
df Mean square F value p>F 
Block (B) 5 17.905 
Nozzle (N) 2 29.613 
B*N Error (a) 10 6.003 
Length (L) 2 18.310 
N*L 4 4.493 
B*N*L Error (b) 30 3.468 
Contrast 
Lawn gun vs. Rest 1 42.088 
Lawn gun vs. Fan 1 59.109 




















Table 2. Analysis of variance for spray drift on tomatoes 
Source of 
variation 
df Mean square F value p>F 
Block (B) 5 6.571 
Nozzle (N) 2 12.439 
B*N Error (a) 10 2.415 
Length (L) 2 4.057 
N*L 4 2.040 
B*N*L Error (b) 30 0.602 
Contrast 
Lawn gun vs. Rest 1 14.864 
Lawn gun vs. Fan 1 24.217 




















Table 3. Analysis 
tomatoes 
of variance for spray drift injury to 
Source of 
variation 
df Mean square F value p>F 
Block (B) 5 1441.710 28.07 0.0001 
Nozzle (N) 2 11596.488 8.11 0.0081 
B*N Error (a) 10 1429.191 27.82 0.0001 
Length (L) 2 1962.599 15.69 0.0001 
N*L 4 728.802 5.83 0.0014 
B*N*L Error (b) 30 125.068 2.43 0.0011 
Contrast 
Lawn gun vs. Rest 1 7520.744 5.26 0.0447 
Lawn gun vs. Fan 1 18960.750 13.27 0.0045 
Lawn gun vs. RA-6 1 156.482 0.11 0.7476 
136 
Table 4. Analysis of variance for tomato height increases 
Source of 
variation 
df Mean square F value p>F 
Block (B) 5 117.562 3.68 0.0051 
Nozzle (N) 2 1122.247 7.18 0.0117 
B*N Error (a )  10 156.290 4.89 0.0001 
Length (L) 2 49.465 1.68 0.2040 
N*L 4 57.131 1.94 0.1300 
B*N*L Error (b) 30 29.498 0.92 0.5861 
Contrast 
Lawn gun vs . Rest 1 777.790 4.98 0.0498 
Lawn gun vs . Fan 1 1875.000 12.00 0.0061 
Lawn gun vs . RA-6 1 25.037 0.16 0.6974 
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Table 5. Analysis of variance for tomato weight increases 
Source of 
variation 
df Mean square F value p>F 
Block (B) 5 16624.928 37.20 0.0001 
Nozzle (N) 2 6668.970 3.86 0.0572 
B*N Error (a) 10 1727.593 3.87 0.0003 
Length (L) 2 7586.055 11.39 0.0002 
N*L 4 263.068 0.39 0.8106 
B*N*L Error (b) 30 666.161 1.49 0.0859 
Contrast 
Lawn gun vs. Rest 1 10963.486 6.35 0.0304 
Lawn gun vs. Fan 1 13234.849 7.66 0.0199 
Lawn gun vs. RA-6 1 4397.607 2.55 0.1417 
Table 6. Analysis of 
spray swath 
variance for spray deposits within the 
Source of 
variation 
df Mean square F value p>F 
Block (B) 5 8479.242 33.69 0.0001 
Nozzle (N) 2 11764.495 13.32 0.0015 
B*N Error (a) 10 882.996 3.51 0.0004 
Collector (C) 1 406094.689 116.03 0.0001 
N*C 4 3836.236 1.10 0.3595 
B*N*C Error (b) 30 3500,012 13.91 0.0001 
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Table 7. Analysis of variance for injury of annual flowers from 
2,4-D and triclopyr applications 
Source of 
variation 
df Mean square F value p>F 
Block (B) 6 0.72879 
Specie (S) 10 32.16758 46.61 0.0001 
B*S Error (a) 50 0.69012 
Herbicide (H) 1 446.74091 1070.62 0.0001 
S*H 10 8.26091 19.80 0.0001 
B*S*H Error (b) 55 0.41727 
Rate (R) 4 506.79015 1076.89 0.0001 
S*R 40 5.50848 11.71 0.0001 
H*R 4 191.57803 407.09 0.0001 
S*H*R 40 7.74803 16.46 0.0001 
B*S*H*R Error (c) 440 0.47061 
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Table 8. Student's t tests for linear regression of marigold 
injury after single and double dosages of 2,4-D and 
triclopyr 
Parameter n Slope ! MSE T 
2,4-D 1 dose 7 DAT 20 9.29 173.02 
2,4-D 2 doses 7 DAT 8 9.59 2 5.00 
2,4-D 1 dose 14 DAT 20 14.14 70.44 
2,4-D 2 doses 7 DAT 8 14.58 47.22 
Triclopyr 1 dose 7 DAT 20 11.79 42.06 
Triclopyr 2 doses 7 DAT 8 7.85 78.57 
Triclopyr dose 7 DAT 20 12.25 54.98 






Table 9. Analysis of variance for marigold inflorescences 
initiated as a percentage of control plants 14 days 
after herbicide applications 
Source of 
variation 
df Mean square F value p>F 
Experiment (E) 1 
Block(E) (B) 2 
Herbicide (H) 1 
E*H Error (a) 1 
Rate (R) 6 
H*R 6 























Table 10. Analysis of variance for marigold open inflorescences 




df Mean square F value p>F 
Experiment (E) 1 
Block(E) (B) 2 
Herbicide (H) 1 
E*H Error (a) 1 
Rate (R) 6 
H*R 6 
















Table 11. Analysis of variance for injury to petunia, marigold, 
and impatiens from 2,4-D and triclopyr applications 
Source of 
variation 
df Mean square F value p>F 
Experiment (E) 1 6.67361 3.91 0.0488 
Block(E) (B) 4 12.53038 7.33 0.0001 
Specie (S) 2 490.06424 30.06 0.0322 
E*S Error (a) 2 16.30382 9.54 0.0001 
Herbicide (H) 1 162.56250 27.26 0.0137 
S*H 2 84.28646 14 .13 0.0297 
E*S*H Error (b) 3 5.96354 3 .49 0.0159 
Rate (R) 3 121.17651 45.54 0.0001 
S*R 6 26.33623 9.90 0.0001 
H*R 3 20.02662 7.53 0.0018 
S*H*R 6 11.42419 4.29 0.0074 
E*S*H*R Error (c) 18 2.66059 1.56 0.0683 
Time (T) 3 69.85938 69.36 0.0001 
S*T 6 18 . 54340 18.41 0.0001 
H*T 3 10.14699 10.07 0.0001 
R*T 9 2.54032 2.52 0.0143 
S*R*T 18 1.98823 1.97 0.0225 
H*R*T 9 2.25926 2 . 24 0.0285 
S*H*R*T 18 1.41725 1.41 0.1550 
E*S*H*R*T Error (d) 72 1.00723 0.59 0.9964 
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Table 12. Analysis of variance for petunia, marigold, and 




df Mean square F value p>F 
Experiment (E) 1 11.67361 2.55 0.1113 
Block(E) (B) 2 5.74306 1.25 0.2879 
Specie (S) 2 949.63021 30.24 0.0320 
E*S Error (a) 2 31.40799 6.86 0.0012 
Herbicide (H) 1 184.50694 40.91 0.0077 
S*H 2 74.79340 16.58 0.0239 
E*S*H Error (b) 3 4.51042 0. 98 0.4001 
Rate (R) 3 34.97685 14 . 00 0.0001 
S*R 6 9.70428 3.88 0.0116 
H*R 3 7.06713 2.83 0.0677 
S*H*R 6 5.29803 2.12 0.1013 
E*S*H*R Error (c) 18 2.49884 0.55 0.9353 
Time (T) 3 673.29167 146.95 0.0001 
S*T 6 448.49826 81.89 0.0001 
H*T 3 10.45602 1.91 0.1357 
R*T 9 2.93519 0. 54 0.8437 
S*R*T 18 2.60937 0.48 0.9603 
H*R*T 9 7.55941 1.38 0.2132 
S*H*R*T 18 2.43152 0.44 0.9722 
E*S*H*R*T Error (d) 72 5.47685 1.20 0.1488 
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Table 13. Analysis of variance for inflorescences initiated as 
a percentage of control for petunia, marigold, and 
impatiens after 2,4-D and triclopyr applications 
Source of 
variation 
df Mean square F value p>F 
Experiment (E) 1 617.7453 0.99 0.3217 
Block(E) (B) 4 730.7239 1.17 0.3275 
Specie (S) 2 47.7397 0.11 0.9006 
E*S Error (a) 2 335.9402 0.54 0.5847 
Herbicide (H) 1 15242.3151 104.29 0.0020 
S*H 2 1185.1189 8.11 0.0617 
E*S*H Error (b) 3 146.2063 0.24 0.8718 
Rate (R) 3 6681.2612 14 . 02 0.0001 
S*R 6 461.5133 0.97 0.4738 
H*R 3 2419.0009 5.08 0.0101 
S*H*R 6 348.3978 0.73 0.6309 
E*S*H*R Error (c) 18 476.5482 0.77 0.7332 
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Table 14. Analysis of variance for dry weight as a percentage 
of control for petunia, marigold, and impatiens after 
2,4-D and triclopyr applications 
Source of 
variation 
df Mean square F value p>F 
Experiment (E) 1 114.18523 0.21 0.6499 
Block(E) (B) 4 860.70771 1.56 0.1910 
Specie (S) 2 677.63715 0. 56 0.6411 
E*S Error (a) 2 1210.27961 1.23 0.2970 
Herbicide (H) 1 6468.67607 13.75 0.0341 
S*H 2 1666.98973 3.54 0.1622 
E*S*H Error (b) 3 470.45224 0.85 0.4678 
Rate (R) 3 2020.14939 4.61 0.0146 
S*R 6 314.84255 0.72 0.6396 
H*R 3 154.37945 0.35 0.7879 
S*H*R 6 394.35105 0.90 0.5158 
E*S*H*R Error (c) 18 437.94829 0.80 0.7003 
